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PREFACE 


The Subject, Purpose, and Method of this Book 

The subject of this book is a type of machine tliat oomcs 
oloaer to being a brain that thinks i^an any machine ever did 
before 1940. These new maohinee ore oallod sometimes moohani- 
oal brains and sometimes sequenoe-oontrolled calculators and 
Bomotimee by other names. Ilssontially, tliougli, they arc 
machines that can handle information with great skill and groat 
speed. And that power is very similar to the power of a brain. 

Those new machines are important. They do the work of 
hundreds of human beings for the wages of a dosen. They aro 
powerful instruments for obtaining now knowlodge. They apply 
in science, business, government, and other activities. They 
apply in reasoning and computing, and, the harder the problem, 
the more useful they are. Along witli the release of atomic 
energy, tlioy are one of the groat achievements of the present 
century. No one can afford to bo unaware of their signifioanoo. 

In this book 1 have sought to toll a part of the story of tlieso 
new machines that think* Perhaps you, os you start this book, 
may not agree with me tliat a machine can tliink; the first 
chapter of Uiis book is dcvutcKl to Uie discussion of this question. 

My purpose baa been to toll enough about these maohinee so 
that we can see in general how tlicy work. I have aouglit to 
cx]ilain some giant braina that have been built and to show 
how they do thinkiDg operations. I have sought also to talk 
about what these maohinoa can do in the future and to judgo 
their significanoo for us. It sooms to me that they will take a 
load off men's minds as groat as the load that printing took 
off men's Avriting: a tremendous burden lifted. 

Wo need to examine several of Uio new meohonioal brains: 
MossBohiiBotts Institute of Technology's differential analyser, 
Harvard’s IBM automatic scqiicnoc-oontrolled oaloulator, Moore 
School’s ENXAG (Eleotronio Numerical Integrator and Calou- 
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latar), and Bell Laboratories’ general-purpose relay calculator. 
These are deeoribed in the sequence in which they were finished 
between the years 1942 and 1946. 

We also have to go on some exoursionB—^for instance^ the nature 
of language and of symbols, the meaning of thinking, the human 
brain and nervous system, the future design of machinery that 
can think, and a little algebra and logic. I have also sought to 
diaouBS the relations between machines that think and human 
society—^wfaat we can foresee as likely to happen or be needed as 

a result of the remarkable inventloD of machines that can think. 

■ 

REACHNO THIS BOOK 

This book is intended for everyone. I have sought to put it 
together in such a way that any reader oan select from it what 
he wants. 

Perhaps at first reading you want only the main thread of 
the story. Then read only what seems interesting, and skip 
whatever seems iminteresting. The subheadings should help to 
tell you what to read and what to skip. Nearly all the chapters 
con be read with little reference to what goes before, although 
some reference to the supplements in the back may at times 
be usefuL 

Perhaps your memory of physics is dim, like mine. The little 
knowledge of physios needed is explained here and there through¬ 
out the book, and the index should tell where to find any expla¬ 
nation you may want. 

Perhaps it ia a long time since you did any algebra. Then 
Supplement 2 on mathematics may hold something of use to 
you. Two eeotions (one in Chapter 6 and one in CHiapter 6) 
labeled as containing some rather mathematical details may be 
skipped with no great loes. 

Perhaps you are unacquainted with logic that uses symbols— 
the branch of logic called mathematioal logic. In fact, very few 
people are familiar with it. No discussion in the book hinges 
on understanding this subject, except for Chapter 9 where a 
machine that calculates logical truth is dewibed. In all other 
chapters you may freely skip all references to mathematioal 
Ic^o. But, if you are curious about the subject and how it can 
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be usefully applied in the field of meohanioal brains, then begin 
with the introduotion to the subject in Chapter 9, and note tlie 
suggestions in the section entitled ''Algebra of Logic" in Supple¬ 
ment 2. 

In any case, glance at the table of contents, the chapter head¬ 
ings and subheadings, and the supplements at the book. Those 
should give an idea of how the book is put together and bow 
you may select what may be interesting to you. 

Please do not read this book straight from beginning to end 
unless tliat way proves to be congenial to you. If you are not 
interested in technical details, skip most of the middle chapters, 
which describe existing mechanical brains. If, on the other 
band, you want more details than this book contains, look up 
references in Supplement 8. Here ore listed, with a few com¬ 
ments, over 250 books, articles, and pamphlets related to the 
subject of machinery for computing and reasoning. These cover 
many parts of the field; some parts, however, are not yet cov¬ 
ered by any publislicd information. 

There are no photographs in this book, although there are 
over 80 drawings. Photographs of these complicated maohincs 
can really show very little: panels, lights, switches, wires, and 
other kinds of hardware. What is important is the way the 
machine works inside. This cannot be shown by a photograph 
but may be shown by Bcliomatio drawings. In tbo same way, a 
])hotngraph of a human being shows almost nothing about how 
be thinks. 


UNDERSTANDING THIS BOOK 

I have tried to write tliis book so tliat it could bo understood. 
I have attempted to explain machinery for computing and rea¬ 
soning without using tochnical words any more than necessary. 
To do this seemed to bo easy in some places, much hanlcr in 
others. As a test of this attempt, a ooimt has boon made of all 
the difTorent words in the book that have two syllabloa or more, 
that aro used for explaining, and that are not thomsolvcs defined. 
There are fewer tlmn 1800 of theso words. In Supplement 1, 
entitled "Words and Ideas," I have digressed to disousa furfclier 
the problem of cxiilanation and understanding. 

£h*Gry now and Uien in the book, along comes a word or a 
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phraBO that has a special meanmg, for example, the name of 
something now. When It first appears, it is put in italics and is 
explained otr defined. In addition, all the words and phrases 
having special meaning appear again in the index, and next to 
each is tiie page number of its explanation or definition. 

In many plaoee, I have talked of meohanical brains as if they 
were living. For example, instead of ^'capacity to store infor¬ 
mation" I have spoken of "memory." Of eourse, the moohinee 
are not living; but they do have individuality, responsiveness, 
and other traits of living beings, just as a political party pictured 
as a living elephant does. Besides, to treat things os persons is 
a help in making any subjeot vivid and imderstandablc, as overy 
song writer and oartoonist illustrates. We speak of "Old Man 
Elver" and "Father Time"; we may speak of a ship or a loco¬ 
motive as "she"; and the orew on the first Harvard sequence- 
oontrolled oaloulator has often called her *^6ssy, the Bessel 
engine." 

Let us pause a little longer on the subjeot of understanding. 
What is tlie understanding of something new? It is a state of 
knowing, a xvooeas of knowing more and more. The more we 
know about something new, the better we understand it. It is 
possible for almost anybody to understand almost anything, 
I believe. What is mainly needed in order to grasp an idea is 
a good ooUeotion of true statements about it and some practice 
in using those statements in situations. For example, no one 
has ever seen or touched the separate sorape of eleotrioity oallod 
oleotrons. But electrons have been described and moasurod; 
hundreds of thousands of people work with electrons; tlicy know 
and use true statements about eleotrons. In effoot, those people 
undeo'Btand electrons. 

Probably the hardest task of an author is to maKo his state¬ 
ments understandable yet accurate. It is too much to hope for 
oomplete sucoess. I shall be very grateful to any reader who 
points out to me the statements thst be has not understood or 
that ore in error. 

As to the views I have expressed, I do not expect every reader 
to agree with me. In fact, I shall be glad if many a reader 
disagrees with me. For then someone else may say to both of 
us, '‘You’re both ri^t and bofth wrong-^tho truth lies atwixt and 
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atween you ” Thoughtful and tolerant diflagreement ia the £noet 
olimate for soieatifio progress, 

BASIC FACTS 

Many of the mechanioal brains described in this book will 
do good work for years; but their design is already out of date. 
Many organiiations are hard at work finding now tricks in 
elootronicB, matorialsi and engineoring and making new meohoni* 
cal brains that are better and faster. 

In spite of future developments, though, the basic facto about 
mechanical brains will endure. These basic facto are drawn from 
the principles of thinking, of mathematios, of science, of engineer* 
ing, eto. Those facts govern all handling of information. They 
do not depend very much on human or mechanical energy, They 
do not depend very much on signs. They do not depend very 
much on ^e century, or the language, or the oountry. For ex* 
ample, “II ot HI V BUDt,“ the Romans may have said; “doux et 
trois font oinq,'^ say the French; '^ + 3 » 6,“ say tlie mathe* 
matioians; and we say, “two and three make five.” The main 
effort in this book has been to make clear tlie basic facto about 
mechanical brains, for they ore now a masterly instrumout for 
obtaining new knowledge. 

Edmund CaiiTiIS Bv&KKunr 

Kow York 11, N. Y. 
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Chapter 1 


CAN MACHINES THINK? 

WHAT IS A MECHANICAL BRAIN? 


Recently there haa been a good deal of newa about strange 
giant machines that can handle information with vast speed and 
skill. They oaloulato and they reason. Some of them are 
cleverer than others—able to do more kinds of problems. Some 
are extremely fast: one of them docs 6000 additions a second 
for hours or days, as may bo needed. Where they apply) they 
find answers to problems much foster and more accurately than 
human beings can; and so they con solve problems that a man's 
life is far too short to permit him to do. That is why they wore 
built. 

These maclunoe aro similar to what a brain would bo if it woro 
made of hardware and wire instead of flesh and nerves. It la 
therefore natural to call these machines machanieol braina. AlsO) 
since their powers are like those of a giant, we may call thoin 
fjiant brains. 

Several giant moohanioal brains are now at work finding out 
answers never before known. Two are in Cambridge, Mass.; 
one is at Massachusetts Institute of Technology, and one at 
Harvard University. Two ore in Aberdeen, Md., at the Army's 
Ballistic Rcsoorch Laboratories. These four maohinos were fin¬ 
ished in the period 1942 to 1946 and are doscribod in later chap¬ 
ters of tills book. More giant brains arc being constructed. 

Can we say that these machines really think? VfTiat do wo 

moon by thinking, and how docs the human brain think? 

1 



2 CAN MACHINBS THINK7 

HUMAN THINKINO 

We do not know very zmioh about the physical process of 
thinking in the human brain. If you ask a scientist how flesh 
and blood in a human brain nan thinkj he will talk to you a 
little about nerves and about eleotrioal and chemioal ohanges, 
but he will not be able to tell you very muob about how we add 

3 and 3 and make 6. What men know about the way in whioh 
a human brain thinks oan be put down in a few pages, and what 
men do not know would All many librariee. 

Injuries to brains have shown some things of importance; for 
example, they have shown that certain parts of the brain have 
certain duties. There is a port of the brain, for instance, where 
sigbfc Bre recorded and compared. If an accident damages the 
part of the brain where certain information is stored, the human 
being has to relearn—^haltingly and badly—the information de¬ 
stroyed. 

We know also that thinking in the human brain is done essen¬ 
tially by a process of storing information and then roferring to 
it, by a process of learning and remembering. Wc know that 
there are no little wheels in the brain so that a wheel standing 
at 3 oan be turned 3 more steps and the result of 6 read. In¬ 
stead, you and I store the information that 2 and 3 arc 5, and 
store it in such a way that we oan give the answer when ques¬ 
tioned. But we do not know the register in our brain whore tills 
particular piece of information is stored. Nor do wo know how, 
when we are questioned, we are able automatically to pick up 
the nerve ohannels that lead into this register, get the answer, 
and report it. 

Since there are many nerves in the brain, about 10 billion of 
them, in fact, we are certain that the network of connecting 
nerves ia a main part of the pusile. We are therefore much 
interested in nerves and their properties. 


NERVK AND THEIR PROPERT1K 

A ainj^e nerve, or nsrve cell, consiate of a esU nucleus and a 
fiber. This flber may have a length of anything from a small 
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frsotion of an inch up to several feet. In the laboratoiyf auo- 
oesaive impulses can be sent along a nerve fiber as often se 1000 
a seoond. tmpulsee can travel along a nerve fiber in either di¬ 
rection at a rate from 3 feet to SOO feet a second. Because the 
speed of the impulse is far less than 186,000 miles a second—the 
speed of an eleotrio current—^the impulse in the nerve is thought 
by some investigators to be more chemical than oleotrioal. 

We know that a nerve cell has what is called an ott-or-none 
response, like the trigger of a gun. If you stimulate the nerve 
up to a certain point, notlilng will hapi>en; if you reach that 
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point, or cross it,—^bangl—^the norvo responds and sends out an 
impulso. The strongth of the impulse, like the shot of the gun, 
has no relation whatever to the amount of the stimulation. 

Tho structure between the end of one nerve and the beginning 
of tho next is oallod a synapse (soc Fig. 1), No one really 
knows very much about synai'noa, for they ore extremely small 
and it is not easy to tell whore a synapse stops and otlior stuff 
begins. Impulses travel tlirough synapses in from ^ to 8 thou¬ 
sandths of a second. An impulso travels through a synapse only 
in one direction, from tho head (or axon) of one norvo fiber to 
the foot (or dendrite) of another. It seems clear that tho ac¬ 
tivity in a synapse is chemical. Wlien tho head of a nerve fiber 
brings in an impulse to a synapse, apparently a chemical oallod 
acetylcholine is released and may affect tho foot of another 
fiber, thus transmitting the impulso; but the proocss and the 
conditions for it are still not well understood. 

It is thought that nearly all information is handled in tho 
brain by groups of nerves in parallel paths. For oxaraplo, tho 
oyo is osblmated to havo about 100 million nerves sensitive to 
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light) and the information that they gather is reported by about 
1 million nerves to the part of the brain that stores sights. 

Kot muoh more is yet known, however, about the operation 
of handling information in a human brain. We do not yet know 
how the nerves are oonnected so that we can do what we do. 
Probably the greatest obstacle to knowledge is that so far ws 
cannot observe the detailed struoture of a living .human brain 
while It performs, without hurting or killing it. 

BEHAVIOR THAT IS THINKING 

Therefore, we cannot yet tell what thinking is by observing 
precisely how a human brain does it. Instead, we have to do- 
Bne thinking by describing tiie kind of behavior that we call 
thinking. Let us oonsider some examples. 

When you and I add 12 and 8 and make 20, we are thinking. 
We use our xnindB and our understanding to count S places for¬ 
ward frcun 12, for example, and finish with 20. If we could find 
a dog or a harse that eould add numbers and tell answers, we 
would certainly say that tbs animal could think. 

With no trouble a machine can do thia An ordinary 10-column 
adding maobine can be given two numbers like 1,878,917,766 
and 2,356,790,867 and the instruction to add them. The roa- 
chine will then give the answer, 3,734,717,683, much faster than 
a man. In fact, the mechanical brain at Harvard can add a 
number of 23 digits to another number of 23 digits and got the 
right answer hi of & second. 

Or, suppose that you are walking along a road and come to a 

fork. If you stop, read the signpost, and then choose left or 

right, you are t hink ing. You know beforehand where you want 

to go, you compare your destination with what the signpost says, 

and you decide on your route. This is an operation of logical 
choice. 

A machine can do this. The mechanical brain now at Aber- 
deen which was built at Bell Xiaboratories can examine any 
number that oomes up in the process of a calculation and tell 
whether it is bigger than 3 (or any stated number) or smaller. 
If the number is bigger than 8, the maohine will choose one 
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procees; if the number is smaller than 8, the maohine will ohooee 
another prooees. 

Now suppose that we consider Ihe basic operation of all think¬ 
ing: in tlie human brain it is called learning and rememberingi 
and in a maohine it is called storing information and then refer¬ 
ring to it. For example, suppose you want to find 306 Main 
Street in Kalamasoo. You look up a map of Kalamasoo; the 
map la information kindly stored by other people for your use. 
Wlicn you study the map, notice the streets and the numbering, 
and tlien find where the house should be, you are thinking. 

A machine can do this. In the Boll Laboratories' mechanical 
brain, for example, the map could bo stored as a long list of the 
blocks of the city and the streets and numbers tliat apply to 
each block. Tlic machine will then hunt for the city block that 
contains 306 Main Street and report it when found, 

A machine can liandle information; it can calculate, conclude, 
and choose; it can ])crform reasonable operations with informa¬ 
tion. A maohine. therefore, can think. 

THE DEFINITION OF A MECHANICAL BRAIN 

Now when we speak <ir a machine that thinks, or a mechanical 
brain, what do wo moan? Essentially, a mechanical brain is a 
machine that handles infonnation, transfers informatiun auto¬ 
matically fnnn one part of tho inuchino to another, and has a 
fioxibic contnil over tho sequence of its ojicrations. No human 
being is needed around such a machine to pick up a ph 3 rsioal 
piece of information pniducofi in one part of tho machine, per¬ 
sonally movo it to another part of tlio macliino, and there put 
it in again. Nor is any human being needed to givo tho machine 
instnictions frtim niinuto to minute. Instead, we oan write out 
tho whole program to solvo a prolilcin, translate tlio program 
into maohine language, and put the program into Iho machine. 
Then wo ])ress the "start" button; tho machine storte whirring; 
and it prints out the answers ns it obtains thorn. Machines 
that handle infommlion have existed for more than 2000 years. 
Those two proiKTties are now, however, and make a deep break 
with tho j)ust. 
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Hov Bhould we imagine a meohanioal brain? One way to 
think of a meohanioal brain is ehown in Fig. 2. We see hero a 
railroad line with four atatiouBi marked intput, storage, com~ 
pater, and cfutpat. These stations are joined by little gates or 
Bwitohes to the main railroad line. We can imagine that num> 



Fio. 3. Sobome o( a meohmiflal bmin. 


bars and other infonnatiQn move along this railroad line, loaded 
in freight oars. Input and output are stations whore numbors 
or oilier information go in and come out, respeotivoly. borage 
is a station where there are many platforms and whore infor¬ 
mation can be stored. The computer is a special station eomo- 
what like a factory; when two numbers are loaded on platforms 
1 and 2 of this station and an order is loaded on platform 8, then 
another number is produced on platform 4. 

We see also a tower, marked control. This tower runs a tele¬ 
graph line to each of ite little watchmen standing by the gatoe. 
The tower tells them when to open and when to shut which gates. 

Now we can see that, just as soon as the right gates are shut, 
frei^t COTS of information can move between etations. Ac- 
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tually the freight oars move at tlie speed of eleotrio ourrentj 
thouBanda of miles a second. So, by closing the right gates each 
fraction of a second, we can flash numbers and information 
through the system and perform operations of reasoning. Thus 
we obtain a mechanical brain. 

In general, a mechanical brain is made up of: 

1. A quantity of registers where information (numbers and 

instructions) can bo stored. 

2. Channels along which information can be sent. 

3. Meolianisms that eon carry out arithmetical and logical 

operadona. 

4. A control, which guides the machine to perform a so- 

quenoe of operations, 

6. Input and output devices, whereby information con go 
into the machine and oomo out of it. 

6. Motors or electricity, wliioh provide energy. 

THE KINDS OF THINKING A MECHANICAL BRAIN CAN DO 

There are many kinds of thinking that mechanical brains can 
do. Among other tilings, they can: 

1. Learn what you toll them. 

2. Apply the instructions wlicn needed. 

3. Rcail and remember numl)erB. 

4. Add, Hubtroot, multiply, divide, and round off. 

5. Tjook up numbers in tables. 

6. TxK)k at n result, and moke a choice. 

7. r)o long cliains of those o])orntiona ono after another. 

8. Write out an answer. 

9. Make stiro the answer is right. 

10. I^now that one probloin is finished, and turn to another. 

11. Determine moni of tlioir own instructions. 

12. Work unattended. 

They do Uioso things much better than you or I. They arc fust. 
The mochanicnl brain built at the Mooro Rchool of Dlcctrtcnl 
TCnginnnring nt tlio University of Pennsylvania docs 6000 addi¬ 
tions a second. They arc reliable. Even with hundreds of thou¬ 
sands of parts, the existing giant brains have worked success- 
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fully. Hioy have remarkably few meohanioal troublea; in faoti 
for one of the giant brainst a meohanioal failure ie of the order 
of onoe a month. Tiliey are powerful. The big maohine at Har¬ 
vard oan reniember 72 numbers each of 28 digits at one time 
and oan do S operations with theee numbers every second. Tbe 
meohanioal brains that have been finished are able to solve 
problems that have baffled men for many, many years, and they 
think In ways never open to men before. Meohanioal brains 
have removed the limits on oomplexity of routine: the machine 
oan oarry out a oomplioated routine as easily as a simple one. 
Already, processes for solving problems are being worked out so 
that the meohanioal brain will itself determine more than 90 per 
cent of all the routine orders that it is to carry out. 

But, you may ask, oan they do any kind of thinldngT The 
anawar is no. No meohanioal brain so far built can: 

1. X>o intuitive thinking. 

2. Make fari^t guesses, and leap to conoluaionB. 

8. Determine aU ite own instniotione. 

4. Perceive oomplez situatiana outside itself and intorpret 
them. 

A clever wild animal, for example, a fox, oan do all these things; 
a meohanioal brain, not yet There is, however, good reason to 
believe that most, if not all, of theee operations will in tho future 
be performed not only by animals but also by maoliines. Men 
have only just begun to oonstruot meohanioal brains. All those 
finished are ohildren; they have all been bom since 1940. Soon 
there will be much more remarkable giant brains. 

WHY ARE THESE GIANT BRAINS IMPORTANTf 

Most of the thinking so far done by these machines is ^nth 
numbers. They have already solved problems in airplane do- 
sign, astronomy, physios, mathematios, engiaecring, and many 
other sciences, that previously could not be solved. To find the 
sohiticau of these problems, mathematioianB would have had to 
work for years and years, using the best known methods and 
large staffs of human computers. 


WHY ABB THESE QMT BRAINS IMPOBTANTr I 


Hiom meohfliiioal brsini not only calculate, liovever. They 
alio remember and reaaon, and thiu thay promiac to nlve come 
very important human probleuu. For example, one of theee 
problems is the application of what wanltind IcnovfB. It takci 
too long to find understandable information on a subject. The 
libraries arc full of books; most of them wo can never hope to 
read in our lifetime, The techoioal journals arc full of con' 
densed seientiAo information; they can hardly be undentood by 
you and mo. There is a big gap between somebody^ knowing 
Bomotliing and employment of that knowledge by you or mo 
when wo need it But these now mechanical bruns handle in- 
formation very swiltly, In o few years maclunca will probably 
bo made that will know what is in libraries and that will tell 
very swiftly when to And certun infurmalion, Thus we can see 
that mechanical br^s arc one of tlie great new tools for Anding 
out what we do not know and applying what we do know- 
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Chapter 2 


LANGUAGES; 

SYSTEMS FOR HANDLING INFORMATION 


Afl everyone knows, H is not always easy to think. By ihivk- 
*101 we mean oomputing, reasoning, and other handling of infor¬ 
mation. By tnj&muUion we mean oolleotions of ideas—physi- 
oally, oolleotions of maiks that have meaning. By handling in¬ 
formation, we mean proceeding logically from some ideas to 
other ideas—physically, ohanging from some marks to other 
marks in ways that have meaning. For examplo, one of your 
hands can express an idea; it oan store the nxunber 3 for a short 
while by turning 3 fingers up and 2 down. In the same way, a 
machine can express an idea: it oan store information by ar¬ 
ranging some equipment. The Harvard mechanical brain oan 
store 132 numbers between 0 and 99,999,009,999,999,909,099,990 
for days. When you want to change the number stored by your 
fingers, you move them; perhaps you need a hall second to 
change the number stored by your fingers from 3 to 2 , for ex¬ 
ample. In the same way, a machine oan change a stored number 
by ohanging the arrangement of some equipment; the electronic 
brain Bniao oan change a stored number in ^ooo of ^ second. 


LANGUAGE 

Since it is not always easy to think, men have g^ven much 

attention to devices for making thipkiTig easier. They have 

worked out many for handling informationf which we 

often call languagea. Some languages are very complete and 

versatile and of great importance. Others oover only a narrow 

10 
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field— Buoh aa numbers alone—but in Uibi field they may be re¬ 
markably offioiont. Just what is a language? 

Every language is both a scheme for expreseing mecmings and 
physical eguipmerU that can bo handled. For exomploi let us 
take spoken English. The sohomo of apukon English oonsists of 
more than 160,000 words OK])ro8Bing meanings, and some rules 
for putting words together meaningfully. The physical fxiuip- 
mcnt of spoken English oonsists of (1) sounds in the air, and 
(2) the oars of millions of people, and their mouths and voices, 
by which they can hoar and speak the sounds of English. For 
another example, let us take numbers oxiirossed in the Arabic 
numerals and the rules of ariUimetio. The scheme of this lan¬ 
guage contains only ten digits 0, 1, 2, 3, 4, 6, 6, 7, 8, 0 or their 
equivalents, and some rules for combining tliem. Sufficient 
physical equipment for this language miglit very well be a ten- 
column desk calculating machine with its counter wheels, gears, 
keys, ote. If wc tried to exchange the physical equipment of 
these two languages, wo would be blocked: tlio desk calculating 
machine cimiiot iKMsihly express the meaningful combinations 
of 150,000 words, and sounds in the air are not permanent 
enough to express the steps of division iif one large number by 
another. 


SCHEMES FOR EXPRESSING MEANINGS 

If we oxaininu languages that have existed, wo can observe a 
number of schemes for exiu'csHing monnings. In the table on 
pj). 12-13 is n rough list of a doxon of them. From among these 
we can cIiooho the srhoincs Lliat aix> likely to he usofiit In mo- 
elmnical liraiiis. SeheiiieK 11 and 12 are the schcnios that have 
t)oon prcHloniinantly uhcmI in iiniehinery for comimting, Soheino 
12 consisting of ecmibiiialiotiH of just two marks, Vi Xj provides 
one of the lM*st cckUw for ini'clmniriil handling of infonnntiou. 
This Kcheinn, ealled binary coding (see Supplement 2), is also 
UHoful for measuring Ihn quantity of infonnation. 

QUANTITY OF INFORMATION 

How should wo mnnsnro the quantity of information? The 
smallest unit of inffinualion is a “yea” or a “no,” a chock mark 



LANOnAOBS 






SCHEMBS FOE BXFEESSINQ MEANINGS 




LANQITAOES 


U 

( V) or a oroSB (X)j an Impulaa in a nerve or no impulsOf a 1 
or a 0| blaok or white, good or bad, etc. This twofold differ- 
once ia called a binary digit of informatioii (see Supplement 2). 
It is tlie oonvenient unit of information. 

With 2 units of information or 2 binary digits (1 or 0) we oan 
represent 4 pieces of information; 


00 , 01 , 10 , 11 

With 3 units of information we can represent 8 pieces of infor- 

000, 001, 010, Oil, 100, 101, 110, 111 


With 4 units of information we can represent 16 pieces 

0000 0001 0010 0011 
0100 0101 0110 0111 
1000 1001 1010 1011 
1100 1101 1110 1111 


of infor- 


Now 4 units of information are suffioient to reprraent a decimal 
digit 0, 1, 2, 3, 4, 6, 6, 7, 8, 0 and allow 6 possibilities to be left 
over; 3 imita of information are not suffloient. For* example, we 


may have: 


0 0000 6 0101 


1 0001 6 0110 


2 0010 7 0111 

8 0011 8 1000 

4 0100 9 1001 


We say, therefore, that a decimal digit 0, 1, 2, 3, 4, 6, 6, 7, 8, 0 
is equivalent to 4 units of informatian. Thus a table oontain- 
ing 10,000 numbers, each of 10 decimal digits, is equivalent to 
400/X)0 units of information. 

One of the 26 letters of the alphabet is equivalent to 6 units 
of information, for, 6 binary digits (1 or 0) have 82 possible 
azrangements, and these are enough to provide for the 26 letters. 
Any printed information in EIn gliah can be expressed in about 
80 characters consisting of 10 numerals, 62 capital and small 
letters, and some 18 punctuation marhs and other types of 
marks; 6 binary digits (1 or 0) have 64 possible arrangements, 
and 7 binary digits (1 or 0) have 128 possible arrangements. 


PHYSICAL EQUIPMENT 


Ifi 

Eaoh ohanuster in a printed book, tlicroforo, U ruugjily equiva¬ 
lent to 7 unite ol information. 

It oan be determined that a big telephone book or a big ref¬ 
erence diotionory stores printed infonnation at the rate of about 
1 billion units of information per cuhio foot. If tho 10 billion 
nerves in tho human brain ooukl induiKmlently bo iinpulsad or 
not iinpulsod, then the human bruin could conceivably uloru 10 
billion units of infonnation. The largest library in the world 
is tho Library of Congress, containing 7 million voluincH includ¬ 
ing pamphlets. It stort's about 100 trillion units of infonnatiim. 

We onn thus see the sigiiinciincc of a {juntUily of 
from 1 unit to 100 trillion units. No diRbincUcm is here iniulo 
between information that reports fiicts and infonnutioii that 
docs not. For cxanii>1c, a Issik of ncUon about porsniis who 
never existed is still countofl ns infonnation, and, of conrse, 
much instniction and entertain men t may Im found in such n 
source. 

PHYSICAL EQUIPMENT FOR HANDLING INFORMATION 

The first thing wo want hi r)o with inforiniilinn is store it 
Tlic sooonri thing wo wiiiit h> i|n is romfoiie it. \V(‘ wiuil. 
ment that makers llum^ two pn M'ess(*s t'lisy anil efficient. W'e 
want etpiipineni for hunilliiig inroriiialion (hut: 

1. Costs little. 

2. Ht)l(ls murli information in lit He spare. 

8. Is pentuwriil^ when we want 1o kiH‘p (he iiirnriiiiiLioii. 

A. Ts crasahifi, when we waid lo remove iiiroriniii ion. 

6. Is versa/iUi, hf>lilH easily any kind of in fori iml ion, and 

iilhiWH operations lo Ih: done easily. 

The amount of iuimiiii efTort- laMnlerl hi handle iiironimlimi 
correctly di'lHaids very iiiiieli on I he pro|s*Hie.s of the pliysieril 
equipment expn*ssing I la* inroriiuirnm, all In nigh I he laws of rnr- 
rcM't rtNiKonilig an^ iiidejM'iideiit of Ihe e<|tiipiiieiit. F'di' (‘xaiiiple. 
tho great dillieiilly with spoken .sounds as fihysiral i‘«|iiipiiietit 
for handling inrormalioii is the I rouble of Klnriiig (hem. 'I'he 
technique for doing so was iiinslen'd only about I NT? wlaen 
ThoiiiHS A. I'jiiison inadi* l-he lirsi iihoiiograpli. 10 veil wilh this 
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IS 

adyancOj no one can glanoe at a soirndtraok and tell quiokly 
7 hat sounds are stored there; only by turning back the machine 
and listening to a groove can we determine tills. It was not pos¬ 
sible for the men of 2000 b.o. to wait thousands of years for 
the staring of spokm sounds. The problem of storing informa¬ 
tion was aooor^gly taken to other types of pbysioal equip¬ 
ment. 

What are the types of physical equipment for handling infor- 
mationj and which are the good ones? In the table on pp. 
16-17 is a rough list of 26 types of physical equipment for han¬ 
dling information. n/>/ means "yes, very;'* s/ means “yes, ade¬ 
quately;” X means "not generally;** XX means "not at all.” 

Pot example, our /infers (see Na IS) as a device for handling 
infonnation are very expensive for most oases. They take up a 
good deal of space. Certainly they are very temporary storage; 
any information they may express is very erasable; and what 
WB can express with them alone is very limited. Yet, with a 
typewritw (see No. 11), our fingers become versatile and effi¬ 
cient. In fact, our fingers can make 4 strokes a second; we can 
select any one of about 38 keys; and, since each key is cquiva- 
lait to 5 or 6 imits of information, the effective speed of our Augers 
may bo about 800 units of information a second. 

LANGUAGES OF PHYSICAL OBJECTS 

The use of pebbles (see No. 14) for keeping track of numerical 
information is shown in the history of the words containing the 
root calc- of the word calculate. The Latin word calcis meant 
pertaining to lime or limestone, and the Latin word calculus de¬ 
rived from it meant first a small piece of limestone, and later 
any small stone, particularly a pebble used in counting. All 
three of these meanings have left descendants: "chalk,** *‘cal- 
oite,** "calcium,*’ relating in one way or another to lime; in medi¬ 
cine, *'oalcuIus,** referring to stones in the kidneys or elsewhere 
in the body; and in mathematics, "calculate,” ''calculus,** refer¬ 
ring to computations, once done with pebblee. 

Ilie pebbles, and the slab (for which the ancient Greek word 
is obox) on which they were arranged and counted, were later 
replaced, for ease in handling, by groups of beads strung on rods 
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and placed in a frame (eee Na 17). Those constituted the 
abacus (see Supplement 2 and the figure there). This was the 
first calculating machine. It is still used all over Asia; in foot, 
even today more people use the abacus for accounting than use 
pencil and paper. Tlie skill with which the abacus con be used 
was shown in November 1046 in a well-publiciEed contest in 
Japan. Kiyushi Mostusaki, a clerk in the Japanese communi¬ 
cations department, using the abacus, challenged Private Thomas 
Wood of the U. S. Army, using a modem desk calculating ma¬ 
chine, and defeated him in a speed contest involving additions, 
subtractions, multiplications, and clivisions. 

The hen|)8 of sniall pebbles, the notches in sticks, and the 
abacus hod the advantage of being visible and comparatively 
permanent. Stfiring and reading were relatively easy. They 
were rather compaet and easy to manipulate, oortainly muoh 
easier than spoken words. But they were subject to disadvon- 
togoe also. Moving correctly from one arrangement to another 
was difficult, since there was no good way for storing interme¬ 
diate steps so that the prtKOss could bo easily verified. Further¬ 
more, tliose devices ajiplicfl Ui siHuificd numbers only. Also, 
there was no natural provision for recording wliat the several 
numbers l)clongcU to. This had to bo recorded with tlic help of 
another language, writing. 

The language of physical objects was picked up from obscurity 
by the invention (^f uiotors and the demands of commerce and 
business. CJoinincncing in tlie Into 1800 *h, desk calciUatinff ma¬ 
chines (see No. 10) were ronstmetetl to moot mass caloulntinn 
requirements. They would add, nibtract, multiply, and divide 
ppcciflo niimlierH with great ucpiiraey and simmxI. But until re¬ 
cently they still were adjuncts to the other languages, for they 
provi 4 ]ed fipeures one at a time for inserlion in tlie spaces on the 
ledger ])ages or calculation sheets whore figures were cnllod for. 

Beginning in the 1020's, a nMunrkabln change has taken place. 
Instead of perfciniiing single oporalions, machines havo boon do- 
vchiixsl to jwrfonii cliains of opera!ions adth many kinds of in¬ 
formation. One of these machines is the tKal telephoM: it can 
selocl one of 7 million telephones by snccussivo sorting according 
to the letters and digits of a telephone nuinlxir. Another of 
tliosc inaehincs is a fire-ronlrol instrument, a mechanism for 
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oazttroUmg the firing of a gun. For examplOf in a modem 
antd-airoraft gun the meohanion will observe an enemy plane 
flying at several hundred miles an hour, convert the observations 
into gnn-aiming direotions, and determine the aiming direotions 
fast enough to shoot down the plane. Punch-card machinjeryt 
machines handling information expressed as punched holea in 
cards, enable the fulfillment of social security legislation, the 
production of the oensusi and oountlees operations of banks, 
insurance oompanies, department stores, and factories. And, 
finally, in 1942 the first mschamcal brain was finished at Massa- 
ohusetts Institute of Technology. 

THE CRUOAL DEVICES FOR MECHANICAL BRAINS 

Let us consider the two modem physical devices for handling 
information which make mechanical brains possible. These are 



' relays and eieefrome tubes (Noe. 21 and 22). The last three 
kinds of equipment listed in the table {magnetic surfaces. No. 
23; delay Hnea, Ko. 24; and electrostatic storage tubes, No. 25) 
were not included in any mechanical brains functioning by the 
middle of 1948. The diaoussion of them is therefore put off to 
Chapter 10, where we talk about the future design of mechan¬ 
ical brains. 
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Figure 1 shows a simple relay. There are two eleotrioal oir- 
ouHs here. One has two terminals—^Pickup and Ground. The 
other has three terminals—Ck)mmonj Normally Opeu^ and Nor¬ 
mally Closed. Wlien current flows through the coil of wire 
around the iron, it makes the iron a magnet; 'Uie magnet pulls 
down the flap of iron above, overcoming the force of the spring, 
Wlien there is no current througli tlie coil, the iron is not a 
magnet, and the flap is hold up by the spring. Now suppose 
that there is current in Common. When there is no current in 
Pickup, the current from Common will 
flow through the upper contact, to the 
terminal marked Normally Closod. 

When there is ourrent in Pickup, the 
current from Common will flow through 
the lower contact, to the terminal marked 
Normally Open. Thus we boo that a 
relay cxpreescs a “yes” or a “no,” a 1 
or 0, a binary digit, a unit of in forma¬ 
tion. A rolay costa t5 to $10. It is rather 
expensive fur storing a single unit of infonnation. The fastest 
it can be changed from 1 to 0, or vice versa, is about )4oo of ^ 
second. 

Figure 2 shows a simple olccbronio tube. It has throe parts— 
the Cathode, the Grid, nnd the Plato. The Grid actually is a 
coarse net of metal wires, EloctroiiK ctin flow from the Cathodo 
to the Plato, provided the voltage on the Grid is such as to 
iwnnit them to flow. So wo can boo that on cloctronio tube is 
a vory siinplu on-olT dovico and cxprcsHCs a “yes” or a “no,” a 1 
or 0, a binary digit, a unit of information. A simple olootronio 
tube suitablo for caloulatiiig jiuriHisuH costs 60 cents to a $1, only 
^0 "f ^ relay. It can bo changed from 1 to 0, or back 

again, in 1 millionth of a second. 

Relays Imvo lieoii wulely used in tho inochnnical brains so far 
built, and olocironio tiibos are the osHonco of Eiiiao. 

In tho next chapter, wo shall see how ph 3 r 8 ionl equipment for 
handling infonnation can bo put together to make a simple mo- 
ohanical brain. 



Fia. 2. ElooUtmlo tube. 


chapter 3 


A MACHINE THAT WILL THINK; 

THE DESIGN OF A VERY SIMPLE MECHANICAL BRAIN 


We shall now eoamder how we can deeign a very simple 
machine that will think. Let us call it SimoDi because of its 
predecessor, Siinple Simon. 

N 

SIMON, THE VERY SIMPLE MECHANICAL BRAIN 

By designing Simon, we shall see how we can put together 
physical equipment for handling information in such a way as 
to get a very simple mechanical brain. At every point in tlio 
design of Simon, we shall make the simplest possible choice that 
will stUl give us a machine that: handles information, transfers 
information automatically from one part of the machine to 
another, and has control over the sequence of operations. Simon 
is 80 simple and so small, in fact, that it could be built to fill up 
less space than a grocery-store box, about 4 oubio feet. If wo 
knent' a little about electrical work| we will find it rather easy 
to insike Simon, 

What do we do first to design the very simple mechanical 
brain, Simon? 

SIMON'S FLESH AND NERVES^-REPRESENTINO INFORMATION 

The first thing we have to decide about Simon is how infor¬ 
mation will bo represented: as we put it into Simon, as it is 
moved around inside of Simon, and as it comes out of Simon. 

83 



SIMON'S FLESH AND NERVES 




We need to decide what ph 3 r 8 ioal equipment we shall use to make 
Simon's flesh and nerves. Since we are taking the aimplost oon- 
venient solution to each problem^ lot us decide to use; puncAsd 
paper tape for putting information in, relaye (see Chi^jter 2) 
and wires for storing and transferring information, and Ughte for 
putting information out. 

For the equipment insido Simon, wo could ohooeo either elec¬ 
tronic tubes or relays. Wo choose relays, although they are 
slower, because it is easier to explain circuits using relays. We 
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Fig. 1. Simon, the yoiy sitnplo mocliBnical bmln. 

can In<ik at a relay eimiit laid out on pa|»r and tell how it 
works, just by seeing whether or not current will How. Exam- 
plcH will Ik) given hclow. When wo look at a circuit using cloo- 
tronio Lulws laid out on pniKT, wo still iiootl to know a good deal 
in order bo rnhndatc just Iiow it will work. 

How will Simon pereoive h nuinbor or other in formation by 
means of |>unrhcd tape, or relays, or liglits? With punched 
paper tape having, for oxniuple, 2 spaces whoro holes may be, 
Simon run be told 4 numbers— 00 , 01, 10, 11. Hero tho binary 
digit 1 meiuis a hole pimche<l; the ))inary digit 0 means no hole 
piinrhcd. With 2 relays together in a register, Simon can ro- 
moniber any one of the 4 niiiulMtrs 00 , 01 , 10 , and 11 . Hero tho 
binary digit 1 nioiinH the relay pirkofl up or energised or closed; 
0 mojins tho rolay not pirktul up or not cncrgisotl or open. Witli 
2 ligiitH, Simon can give us un answer any one of blio 4 numbers 
00 , 01 , 10 , 11 . In this rase the binary iligit 1 means the light 
glowing; 0 means the light o(T. (See Fig. 1.) 
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We oan say that the two lights by which Simon puts out the 
answer are his syM and say that he tells his answer by immking. 
We oan say also that the two mechanisms for reading punched 
paper tape are Simonas son. One tape, called the in/put tajM, 
takes in numbers or operations. The other tape takes in instruc¬ 
tions and is called the program tope. 


SIMON'S MENTALITY-POSSIBLE RANGE OP INFORMATION 


We oan say that Simon has a mantoltt]/ of 4. We mean not 
age 4 but just the simple fact that Simon knows only 4 numbera 

and oan do only 4 operations with 
them. But Simon oan keep on doing 
these operations in all sorts of rou¬ 
tines as long as Simon has instruo- 
tions. We decide that Simon will 


N 


90* 


ISO* f 


_0_ 



0* 

370* 

9 



no. 3. Four dlreetioiis. 


w-JS:— t —I— -2-b know just 4 numbers, 0, 1, 2, 3, in 

order to keep our model mechanical 
brain very simple. Then, for any 
register, we need only 2 relays; for 
any answer, we need only 2 lights. 

Any oaloulatiiLg machine has a 
mentality^ oonsistiiig of the whole 
ooUeotim of different ideas that the machine can ever actually 
express in one way or another. For example, a lO-place desk cal¬ 
culating machine oan handle numbers up to 10 decimal digits 
without additional capacity. It cannot handle bigger numbers. 

What are the 4 oporationa toUh numhsra which Simon oan 
carry outf Xjet us consider some simple operations that we can 
perform with just 4 numbers. Suppose diat they stood for 4 
directions in the order east, north, west, south (see Fig. 2). Or 
suppose that they stood for a turn counterclockwise through 
some ri|^t angles as follows: 


0; Turn tbrau^ 0*, or no right an^ea. 

1: TUm through 90*, or 1 ri^t angle. 

3: Turn through ISO*, or 8 right an^ea. 

S: Turn through 370*, or 8 rl^t anglM. 

Then we could have the operationB of addition and nsgationj 
defined as follows: 


SmONB SfBKTAIJTY 



AsDrnoir o ■■ a + b NsoATioif 0 —a 


b; 0 1 2 8 


a 

0 

1 

2 

8 


0 12 3 
12 3 0 
2 8 0 1 
8 0 12 


a 

e 

0 

0 

1 

8 

2 

2 

a 

1 


For example, tlio first table aaya, *'l plus 3 equals 0.” This 
moans that, if we turn 1 right angle and then turn in the same 
direction 3 more right angles, wo face in exactly tho same way 
as we did at the start. This statennent is clearly true. For 
another example, the second table says, “2 is tho negative of 3.'’ 
This means that, if wo turn to Uie left 2 riglit angles, we face 
in exactly the same way b& if we turn to the right 2 riglit 
angles, and tliis statement also is, of oourso, true. 

With only these two operations in Simon, we should probably 
find him a little too dull to toll us much. Let us, thoreforo, put 
into Simon two more operations. Lot us choose two operations 
involving both nuinliers and logic: in particular, (1) finding 
which of two niim1>orB is greater and (2) selecting. In tills way 
wo shall make Simon a little olovcror. 

It is easy to tcnoli Simon how to find which of two numbors 
is tho greater when all tho numliers that Simon has to know are 
0 , 1, 2, 3. We put all iKwsiblo cases of two numbors a and b 
into a table: 

b: 0 1 2 8 

a I- 

0 

1 

2 

8 


Then we tell Simon that wo shall mark witli 1 the oasos where 
a is greater limn h and mark wiUi 0 tho oasoe whore a is not 
greater than b: 

OiiBATifa Than 

b: 0 1 2 8 



0 

1 

2 

8 


0 0 0 0 
1000 
110 0 
1110 
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7or example, "2 is greater than 8'* is false, so we put 0 in the 
table on the 2 line in the 8 oolumn. We see that, for the 16 
possible oasoB, a is greater than h in 6 oases and a is not greater 
than b in 10 oases. 

Thoire is a neat way of saying what we have just said, using 
the language of maihimatical loffic (see Chapter 0 and Supple* 
ment 2), Suppose that we oonsider the statement is greater 
than b** where a and h may be any of the numbers 0, 1, 2, 8. 
We oan say that the truth vcdus p of a aiat&ment P is 1 if tiie 
statement is true and that it is 0 if the statement is false: 

p == 1 if P is true, 0 if P is false 

The truth Tahie of a statement P is conveniently denoted as 
T(P} (see Supplement 2): 

P « T(P) 

Kow we oan say that the table for the operation greater than 
shows the truth value of the statement “a is greater than &’*: 

p - r(o > h) 

Lot us turn now to the operation selection. By selecting we 
mean choosing one number a if some statement P is true and 
ohoosing another number b if that statement is not true. As be¬ 
fore, let p be the truth value of that statement P, and let it be 
equal to 1 if P is true and to 0 if P is false. Then the operation 
of selection is fully expressed in the following table and logioal 
formula (see Supplement 2): 


BaLsonoN s « a*p + b'(l p) 


p; 0000 1111 

koias oias 



0133 0000 
0138 1111 
0138 3233 
0138 8883 


Por example, suppose that a is 2 and 5 is 3 and the statement 
P is the statement ‘*2 is greater than 0.” Since tills statement 
is true, p is 1, and 


a.p + b-(l - p) - 2(1) + 8(0) - 2 
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This result is the same as soleoting 2 if 2 is greater than 0 and 
selecting 3 if 2 is not greater than 0. 

Thus we have four oi^erations for Simon that do not over¬ 
strain his montality; tliat is, they do not require him to go to 
any numbers other than 0, 1, 2, and 3. Thcee four operations 
are: addition, negation, greater than, selection. We label these 
operations aUo with the numbers 00 to 11 as follows: addition, 
00 ; negation, 01; greater tlian, 10; selection, 11. 

SIMON'S MEMORY-STORING INFORMATION 

Tlio memory of a mochonical brain consists of physical equip¬ 
ment in which information con be stored. Usually, each section 



Fia. 3. Rctcintf.r fit storing 10. 

of the phyfdenl equipment which can stni'c one pioco of informa¬ 
tion is caIIckI a regiHlor. Each register in Simon atIII consist of 
2 relays. Each register will hold any of 00, 01, 10, 11. Tho 
infonnation stfirofl in a register 00, 01, 10, 11 may express a 
nuinher or may expreea an opomtion. 

How many registers will we neal to put into Simon to store 
information? Wo shall iieotl one register to road the input tape 
and to storo tho number or operation recorded on it. Wo shall 
call this register the inptU register I. We shall need another 
register to store tho nuiuher or oixsration that Simon says is tho 
answer and to give it to tho output lights. AYo slinll call this 
register the otUprU register O. Wn aliall need 6 registers for the 
fiart of Simon which docs the computing, which wo shall call the 
comjmler: wo shall ncwl 3 tti store numbers luit into Uio com¬ 
puter (f'l, (-2, f-'3), 1 to Ht(»ro the operation governing tiic com¬ 
puter (C4), and 1 to store the result (C'5). Suppose Hint wo 
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decide to have 8 registers for storing information, so as to pro¬ 
vide some flexibility for doing problems. We shall oall those 
registers stora^B regiateTS and name them jSI, S2, 83, * * * 88 . 
Then Simon itdll have 16 reguters: a memory that at one time 
can hold 16 pieoee of information. 

How will one of these registers hold information? For ex¬ 
ample, how will register 81 bold the number 2 (see Fig. 3) 7 The 
number 2 in machine language as 10. Hegister 81 consists of 
two relays, 81-2 and 81-1. 10 stored in register 81 means that 
relay 81-2 will be energiied and that relay 81-1 will not be 
enerpsed. 

THE COKfTROL OF SIMON 

So far we have said nothing about the control of Simon. Is 
he dodle? Is he stubborn? We know what bis capacity is, but 
we do not know bow to tell him to do anything. How do we 
oonneot our desiree to hie behavior? How do we tell him a 
problem? How do we get him to solve it and tall us the answer? 
How do we arrange control over the sequence of his operations? 
For example, how do we get Simon to add 1 and 2 and tell us 
the answer 8? 

On the outside of Simon, we have said, there are two ears: 
little mechanisms for reading punched paper tape. Also there 
are two eyes that can wink: light bulbs that by shining or not 
shining can put out information (see Fig. 1). One of the ears— 
let us oall it the left ear—takes in information about a par¬ 
ticular problem: numbers and operations. Here the problem 
taps or input tape is listened to. ISaoh line on the input tape 
con ta i ns space for 2 punched holes. So, the information on the 
input tape may be 00, 01, 10, or 11—either a number or an 
operation. Hie other ear—^let us call it the right ear —stakes in 
information about the sequence of operations, the program or 
routine to be followed. Here the progratn tape or routine tape 
or control tape is listened to. Foch line on the program tajm 
contains space for 4 punched holes. We tell Simon by instruc- 
ttona on the program tape what he is to do with the information 
that we give him on the input tape. The information, on the 
program tape, therefore, may be 0000, 0001, 0010, • • - , 1111, or 
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any number from 0 to 16 expraseed in binary notation (see 
Supplement 2). 

How ifl this aooomplished? In the first place, Simon is a 
macliine, and he behaves during time. He does different things 
from time to time. His behavior is organised in cyeisa. He 
repeats a cyole of behavior every second or so. In each oyole 
of Simon, he listens to or reads the input tape once and he 
listens to or reads the program tape twice. iEvory complete 
instruction that goes on the program tape tells Simon a register 
from which information is to be sent and a register in which 
information is to be received. The first time that he reads the 
program tape he gets the name of the reg^Lster that is to rooeivo 
certain information, the receiving register. The second time he 
reads the program tape he gets the name of the roguster from 
which information is to be sent, the Bending regieier. Ho fin¬ 
ishes each cycle of behavior by transferring information from 
the sending register to tlie receiving renter. 

For example, suppose that we want to got an answei* out of 
Simon’s computer into Simon’s output lights. Wo put down the 
instruction 

Send information from C5 into O 
or, raoro briefly, 

C6 O 

But ho docs not understand this languago. Wo must translate 
into machine language, in this enso punehod holes in the pix)- 
gram tape. Naturally, the punched lioloa in the program tape 
must bo able to specify any sending register and any rocoiving 
register. Tliero are 16 registors, and so wc give thorn punched 
hole codes as follows; 


Raoimva 

Codh 

BsoiHnm 

OODS 

7 

0001 

Cl 

1010 

/n 

0010 

C2 

1011 

Si 

0011 

a 

1100 

Si 

0100 

(74 

1101 

N4 

0101 

C6 

1110 

N6 

0110 

o 

1111 

.S6 

0111 



,S7 

1000 



SH 

1001 
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To translate the direotion of transfer of infonuatioiii which we 
showed as an arrow, we put on the program tape the code for 
the reoeiving regisiar first—^in this case, output, O, Till—and 
the code for the sending repster second—in case, 06, 1110. 

The inatruotion becomes 1111,1110. The first time in any cycle 
that Simaca listens with his ri|^t ear, he knows that what he 
hears is the name of the reoeiving roaster; and the second time 
that he listens, he knows that what he hears is the name of the 
sending register. One reason for this sequence is that any person 
or machine has to be prepared beforehand to absorb or take in 
any information. 

Kow how do we tell Simon to add 1 and 27 On the input tape, 
we put: 

Add 00 
1 01 



On the program tape, we need to put: 

1 ^ 04 . 

J-»C1 

06 O 

which becomes: 

1101 , 0001 ; 
1010 , 0001 ; 
1011 , 0001 ; 
1111 , 1110 


THE USEFULNESS OF SIMON 

Thus we can see that Simon oan do such a problem as: 

Add 0 and 3. Add 2 and the negative of 1. Find which result is 
greater. Sdect 3 if this result equals 2; otherwise select 2. 

To work out the coding for this and like problems would be a 
good exercise. Simon, in fact, is a rather clever little mechanical 
brain, even if he has only a mentality of 4. 
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It may seem that a aimplo model of a meohanioal brain like 
Simon is of no great practical use. On the oontrary/Simoii has 
the same use in instruction as a set of simple ohemioal experi¬ 
ments lias: to stimulate thinking and understanding and to pro¬ 
duce training and skill. A training course on mechanical brains 
could very well include the oonatniotion of a simple model me¬ 
chanical brain as an exercise. In this book, the propierties of 
Simon may be a good introduction to the various t 3 rpes of more 
complicate mechanical brains described in later chapters. 

The rest of this chapter is devoted to such questions as: 

How do transfers of information actually take place in 
Simon? 

How docs the computer in Simon work so that calculation 
actually ocoun? 

How could Simon actually be oonstnioted? 

What follows should bo skipped unless you are interested in 
these questions and tlic burdonsoinc details needed for answering 
them. 

SIMON'S THINKING-TRANSFERRING INFORMATION 

The first basic thinking operation for any mechanical brain is 
transferring infonnathm nutomaticnlly. Txjt us boo how this is 
done in Simon. 



Fig. a . Bclicmo of Biroon. 


Let us first take a ItMik at the Hcheino of Simon as a moohan- 
ical brain (see Fig. 4). Wc have 1 input, 8 storage, B computer, 
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and 1 output regigters, which are oonneoted by means of transfer 
wirea oir a transfer line along which numbers or operations can 
travel as electrical impulses. This transfer line is often called 
the bus, perhaps because it is always busy carrying something. 
In Simon the bus will consist of 2 wireSj one for carrying the 
right-hand digit and one for carrying the left-hand digit of any 
number 00, 01, 10, 11. Simon also has a number of neat little 
devices that will do the following: 

When any number goes into a register, the coils of the re¬ 
lays of the register will be oonneoted with the bus. 

When any number goes out of a register, the contacts of the 
relays of the register will be oonneoted with the bus. 

For example, suppose that in register C6 the number 2 is 
stored. In machine language this is 10. That means the left- 
hand relay (CS-2) is energised and the ri^it-hond relay (C6-1) 
is not energised. Suppose that we want to transfer this number 
2 into the output register 0, which has been cleared. What do 
wo doT 

Let us take a look at a circuit that will transfer the number 
(see Fig, 6). First we see two relays in this circuit. They be¬ 
long to the C5 register. The C5-2 relay is energised since it 
holds 1; current is flowing through its coil, the iron core becomes 
a magnet, and the contact above it is pulled down. The C6~l 
relay is not energiied since it holds 0; its contact is not pulled 
down. The next thing we see is two rectifiers. The sign for 
these is a triangle. These are some modem electrical equipment 
that allow electrical current to flow in only one direction. In 
the diagram, the direction is shown by the pointing of the tri¬ 
angle along the wire. Rectiflers are needed to prevent undesired 
circuits. Next, we see the bus, consisting of two wires. One 
carries the impulses for left-hand or 2 relays, and the other car¬ 
ries impulses for the right-hand or 1 relays. Next, we see two 
relays, called the entrance relays for the O register. Current 
from Source 1 may flow to these relays, energise them, and close 
iheiT contacts. When the first line of the program tape is read, 
specifying the receiving register, the code 1111 causes Source 1 
to be energised. This faot is shown schematically by the arrow 
running from the program tape code 1111 to Source 1. Finally, 
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we see the ooils of the two lelays for the Output or O register. 
We thus see that we have a circuit from the oontaobs of the 06 
register through the bus to the ooUs of the 0 register. 

We are now ready to transfer information when the second 
lino of the program tape is read. This line holds 1110 and des¬ 
ignates C6 as the sending register and oausee Source 2 to be 



Fta. 5. Tranafor oirouU. 


enorgisod. Tills fact is shown scliomatically by the arrow run¬ 
ning from tho soound lino of the program tapo bo Source 2. When 
the second lino is rood, current flows: 

1. From Source 2. 

2. Tliruugli the contacts of tho C5 register if closed. 

3. Tliroiigh tho rcotinora. 

4. Through the bus. 

5. Through the entrance relay contacts of tho O register, 
fl. Through tho ooils of tho O rogistor relays, enorgiiing such 

of thorn os match wibli tlio C6 closed contacts; and 
Anally 

7. Into the ground. 
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Thua relay 0-2 ie energ^ed; it reoeivefl ourrent beoanse ocmtaot 
C5-2 is closed. And relay 0-1 U not energ^ed; it receives no 
ourrent sinoc oontaot Cfi-1 is open. So we have actually trans¬ 
ferred information from the C6 register to the 0 register. 

The same process in principle applies to all transfers: 

The pattern of electrical impulses, formed by the position¬ 
ing of one register, is produced in the positioning of another 
register. 

SIMON'S COMPUT1NO AND REASONING 

Now so far the computing registers in Simon are a mystery. 
We have said that Cl, C2, and C3 take in numbers 00, 01, 10, 
11, that 04 takes in an operation 00, 01, 10, 11, and that C6 
holds the result. What process does Simon use so that be has 
the correct result in register C6? 

Let us take the simplest computing operation first and see 
what sort of a circuit using relays will give us the result. The 
simplest computing operation is negation. In negation, a number 
00, 01, 10, 11 goes into the Cl register, and the operation 01 
meaning negation goes into the C4 register, and the correct re¬ 
sult must be in the C6 register. So, first, we note the fact that 
the C4-2 relay must not be energised, since it oontains 0, and 
tliat tiie C4-1 relay must be euergiied, since it contains 1. 

Now the table for negation, with c ;= —o, is: 


a 

1 

e 

0 

0 

1 

8 

a 

a 

8 

1 


Negation in machine language will be: 



00 

01 

10 

11 






10 

01 
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Now ir a ifl in the Cl register and if c is in the C5 rogistor, then 
negation will be: 


Cl 

C5 

00 

00 

01 

11 

10 

10 

11 

01 


But each of these registers Cl, C5 will be made up of two re¬ 
lays, the left-hand or 2 relay and the right-hand or 1 relay. So, 
in terms of these relays, negation will be: 


Cl-2 

Cl-1 

Cfi-2 

cw 

0 

0 

0 

0 

0 

1 

1 

1 

1 

0 

1 

0 

1 

1 

0 

1 


Now, on examining the table, we see that the C5-1 relay is ener¬ 
gised if and only if the Cl-1 relay is energised. So, in order to 
energise the C6-1 relay, all wo have to do is transfer the infor- 
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mation from Cl-1 t<i C6-1. This we can do by the circuit shown 
in Fig. 0. (Ill this and later diagraiiis, we havo taken one more 
step in Htroiimliiiing Iho drawing of relay contacts: the contacts 
are drawn, but the coils that energise them are repi*C8cntod only 

by llioir names.) 

Taking another lofik at the tabic, wc see alst) that the C6-2 
relay must bo energised if and only if: 
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Cl’S AND Cl-1 

Houw: boumb: 

0 1 

1 0 

A circuit that will do this is the one shown in Fig. 7. In Fig. 8 
is a drouit that will do all the desired tilings together: give the 
light information to the C5 relay coils if and only if the C4 
relays bold 01. 



Fla. 8. NeesUon oirouit. 


Let us check this circuit. First, if tliere is any operation other 
than 01 stored in the C4 relays, then no current will be ablo to 
get through the C4 contacts shown and into the £76 relay coils, 
and the result is blank. Second, if we have the operation 01 
stored in the C4 relays, tlien the C4-2 contacts will not be ener¬ 
gised—a condition which passes current—and the C'4'1 contacts 
will bo energised—another condition which passes ourrenb—and: 


Lf ram nuiibnr 

m Cl u: Tanr (71-1: 


0 doos not eloao 

I olasoe 

3 does not oIobb 

S dbm 


ABO Cl-2: 

doo6 not dooe 
does not oloae 
oloaea 
doses 


AMD Tna C6 RSLATB 

■MSBauuaD ahm: 
nefthor 

C6-2, (76-1 
(76-3 only 
C6-1 only 


Thus we have shown that this circuit is ooireoi. 

We see that this circuit uses more than one set of contacts for 
several relays (Cl-2, C4-1, C4-2); relays are regularly made 
with 4, 6, or 12 sets of contacts arranged side by side, all con- 
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trolled by the same pickup coil. These are called 4^-, 6-, or 12- 
poZs relays. 



Fia. 0. Addition oimilt. 

Circuits for addition, ffnater than, and election can also be 
determined rather easily (ace Figs. 0, 10,11). (Note: By means 
of the algebra of logic, referred to in Chapter 9 and Supple- 
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ment 2, the cunclitiuns for many relay circuits, as well as the 
circuit itself, may be exprossod algcliraicnlly, and the two expres- 
siuns may bo chocked by a inathonintioal pruooss.) Fur example, 


8S 
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lot US oheok that the addition oirouit in Fig. 9 will enable ue to 
add 1 and 2 and obtain 3. We take a colored pencil and draw 
closed the oontaote for Cl-1 (sdnoe Cl bolds 01) and for* C2-2 
(sinoe £72 holds 10). Then, when we trace through the circuit, 
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remembering that addition is stored as 00 in the £74 relays, we 
hnd that both the £75 relays are energised. Hence C5 holds 11, 
which is 3. T^us Simon can add 1 and 2 and make 31 

PUTTING SIMCW TOGHHER 

In order to put Simon together and make him work, not very 
much is needed. On the outside of Simon we shall need two 
Bmall meohanisms for reading punched paper tape. Inside 
Simon, there will be about 60 relays and perhaps 100 foot of 
wire for connecting them. In addition to the 15 registers (/, iSl 
to jS 8, £71 to £75, and 0), we shall need a re^^ster of 4 relays, 
which w'o shall call the program register. This register will store 
the successive instructions read off the program tape. We can 
call the 4' relays of tliis register P8, P4, P2, PI. For example, if 
the PS and P2 relays are energiied, the refpster holds 1010, and 
this is the program instruction that calls for the 8th plus 2nd, 
or 10th, register, which is £71. 
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For oonneotiiig receiving registers to the bus, we shall need a 
relay with 2 poles, ono for the 2-line and one for the 1-line, for 
each register that can receive a number from the bus. For 
example, for entering the output register, we actually need only 
one 2-pole relay instead of the two 1-pole relays drawn for sim- 
plioity in Fig. 5. There will be 13 2-pole relays for this pur¬ 
pose, ainoe only 13 registers receive numbers from the bus; 
registers I and C6 do not receive numbers from the bus. Wo call 
theso 13 relays the entrance relays or B relaySf since B is the 
initial letter of the word entrance. 
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Tlie circuit for selecting and onorgising the E relays is shown 
in Fig. 12, Wo call this circuit the Select-Recsiving-RegiBtsr 
circuit. For oxHin|)lc, supiicise that the F8 and P2 relays aro 
cnorgixod. Then this circuit cnorgisos Uic ^10 relay. Tlio i?10 
relay closos the contacts between bho 01 relay coils and the bus; 
and BO it connects the 01 register to receive the next number 
that is sent into the bus. This kind of circuit expresses a clas- 
siflcntion and is wimotimos oallefl a pyramid cirndt since it 
spreads nut like a jiyrainid. A. similar pyramid oirouit is used 
to select the sending register. 

Wo shall need a relay for moving the input tape a step at a 
time. Wo shall call this relay the MI relay, Sot moving tnput 
taixj. Wc also need a relay for moving the program tape a step 
at a time. Wo Rhall call this relay the AfP relay for tnoving 
program tape. Here then is approximately the total number of 
relays required: 
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RBUYa 

Nau 

NuMBaa 

/, S, 0, 0 

Input, Storage, OocqMitor, Output 

80 

P 

Program 

4 


Entranoe 

18 

m 

Move-Input-Tape 

1 

UP 

Move-Frogram-Tlape 

1 


a\)tal 

40 


A few more relays may be needed to provide more oontaots or 
poles. For example, a smgle PI relay will probably not have 
enough poles to meet all the need for its oontaots. 
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Saoh cycle of the machine will be divided into 6 equal time 
intervals or tifnea 1 to 5. The timing of the machine will be 
about as follows: 

Tina Acnoif 

1 Move protnun tape. Move Input tope If read out of in lost cyolo. 

2 Reid pnocmm tape, dotoimining tbo reeelvins reglatoT. Road through 

tho oouputlng oiiijult aettlng up the C6 roghter. 

S Move program tape. Rneiglie the S relay hnlwiging to tho receiving 
rag^irter. 

4 Bead program tape igain, dotarndiuiig the ■wndlng re^aWlll^^ 

5 Truufer inlormation fay rea^ng throng the BoleotrBonding'Bepetor dr- 

colt and the Seleot-Reoeivliig-Regiiter dreolt. 
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Chapter 4 


COUNTING HOLES: 

PUNCH-CARD CALCULATING MACHINES 


When wo think of counting;, we usually think of saying softly 
to ounelves “one, two, throe, four, • • •.” This is a good way to 
find the total of a small group of objects. But when we have a 
largo group of objects or a great many groups of objects to be 
oounted, a much faster way of counting is needed. A very fast 
way of sorting and ooimtix^ is ywich-aird &iXculating mackiMry, 
This is machinery which handles information expressed as holes 
in oarda. Punch-card fnackmei can: 

Sort,, count, file, select, and copy information, 

Make oomparisona, and choose according to instructions. 

Add, subtract, multiply, and divide. 

List information, and print totala 

For example, in a life insurance company, much routine handling 
of information about insurance policies is necessary: 

Writing information on newly issued policies. 

Setting up policy-history cards. 

Making out notices of premiums due. 

Making registers of policies in force, lapsed, died, etc., for 
purposes of valuation ss required by law or good man¬ 
agement. 

Calculating and tabulating premium rates, dividend rates, 
reserve factors, etc. 

Computing and tabulating expected and actual death rates; 
and much more. 

All these operations can be done almost automatically by punch- 
card machines. 

4a 
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OnOIN AND DEVELOPMENT 

Whan a oengiu of the people of a country ia taken, a great 
quantity of sorting and counting is needed: by 'village, county, 
city, and state; by sex; by age; by occupation; etc. In 1886, 
the census of the people of the United States which had been 
taken in 1880 'was still being sorted and counted. Among the 
men then studying census problems fvas a statistioian and in¬ 
ventor, Herman Hollerith. He saw that existing methods were 
so slow that the next census (1890) would not be finislied before 
tlie fullo^^ing census (1000) would have to bo begun. He knew 
tliat cards 'witli patterns of holes had been used in weaving pat¬ 
terns in cloth. He realised that the presence or absence of a 
property, for example employed or unemployed, could be rep¬ 
resented by the presence or absence of a hole in a piece of pap>er. 
An electrical device could detect the hole, he believed, since it 
would allow current to flow through, whereas the abeonoe of 'the 
bole would stop the current. Ho experimented 'with sorting and 
counting, using punched holes in cards, and with electrical de¬ 
vices to detect tlio holes and count thorn. A definite meaning 
was given to each place in the card whore a hole might be 
punched. Then electrical devices handled the particular infor¬ 
mation that the puiichos roprosentod. These devices either 
counted or added, singly or in various oombinations, os might 
bo desired. 

More than 50 years of development of punch-card calculating 
machinery liavo since then taken place. Several largo onmpanioe 
have made quantities of punoh-card machines. A great degree 
of dovolopinont has taken place in the pimoh-oard machines of 
International Business Maoliincs Corporation (IBM), and for 
this reason those maoliincs will Ixi the ones described in this 
chapter. What is said hero, however, may also in many ways 
apply to punch-card inaebinos made by other manufacturers— 
Remington-Rand, Powers, Control Instrument, etc. 


GENERAL PRINCrPLES 

To iiRo punch-card machines, we first convert the original in¬ 
formation into patterns of holes in cards. Then we feed the 
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oarda into the machinea, Eleotrioal impulaes read the pattern 
of holes and convert them into a pattern of timed eleotrioal cur¬ 
rents. Aotually, the reading of a hole in a column of a punch 
card ifl done by a brush of several strands of copper wire pressed 
against a metal roller (Fig. 1). The machine feeds the card 
(the bottom edge flrstj where the 9'a are printed) with very 
careful timing over ihe roller; and, when the punched hole is 
between the brush and the roller, an deotrioal circuit belon^ng 



to that column of the card is completed. The machine responds 
according to its general design and its wiring for the particular 
problem: it punches new cards, or it prints new marks, or it 
puts information into new storage places. Clerks, however, move 
the oaids from one machine to another. They wait on tlie ma¬ 
chines, keep the card feeds full, and empty the card hoppers as 
they fill up. A human error of putting the wrong block of cards 
into a machine may from time to time cause a little trouble, 
eepemany in sorting. Actually, in a year, billions of punch cards 
are handled precisely. 

'Hie pimch card is a masterpiece of enpneering and stand¬ 
ardisation. Its exact thickness matches the knife-blade edges 
that feed the cards into slots in the machines, and matches the 
channels whereby these cords travel through the machines. The 
standard card is 7% inohea long and 8% inches wide, and it 
has a standard thickness of 0.0066 inch and other standard prop¬ 
erties with respect to stiffhess, finish, etc. 
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The standard IBM punch card of today has 80 coiumru and 
12 pontions for punching in each oolxunn (Fig. 2). A single 
punched hole in each of the positions known as 0 to 0 stands for 
each of tlie digits 0 to 9 respectively. The remaining 2 single 
punch jKisitionB available in any column are usually called the 



Fig. 3. Sohomo of stanclarrl punch rani. (Nuto: Posiliona 11 anu 13 sro not 

umally markcxl by prinloil uumbon or lotion.) 


11 position and JB ponYton (though sometimos called the nu- 
morioal X position and Y position ). Tlicee two positionB do not 
Iwhavo arithmetically as 11 and 12. Actually, in the space be> 
twcon one cai'd and the next card ns they are fed tlmnigh the 
machines, more positions occur. For example, there may bo 4 
more: a 10 position preceding the 0, and a 13, a 14, and a 15 po¬ 
sition following the 12. The 10 positions in total correspond to 
a full turn, 360°, of the roller under the brush, and to a com¬ 
plete cycle in the machine; and a single position corresponds to 
of 300°, or 22V4^« lii some machines, tlie total number of 
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poaitionB may be 20. A pair of punohee stande for each of the 
lettare of the alphabet, aooording to the Boheme Bhown. 


A 

la-i 

J 

11-1 

Unused 

0-1 

B 

12-3 

K 

11-3 

8 

0-3 

O 

i2<a 

L 

11-3 

T 

OS 

D 

13-4 

M 

11-4 

U 

0-4 

E 

12^ 

N 

11-6 

V 

0-6 

F 

12<0 

O 

11-6 

w 

0-6 

a 

13-7 

P 

11-7 

X 

0-7 

H 

13-8 

Q 

11-8 

Y 

0-8 

I 

13-0 

B 

11-0 

z 

0-0 


For eixample, the word MASON is shown punched in Fig. 3. 

To increase the versatility of the inaohinos and provide them 
with instructions, many of them have ptuffboiurds (Fig. 4). 



Fio. 8. Alpha- Fio. 4. Single-panel phig- 

boiio punching. board. 


These are standard interchangeable bonnls flllod with prongs on 
one side and holes or terminals called Auhs on the other side. 
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The side with the prongs oonneots to the ends of eleotiiool oir' 
ouits in the punch-card machine, which arc brought together in 
one place for the purpose. On the other side of the board, using 
plugwires, we can connect the hubs to each other in diJfferont 
ways to produce different results. The single-panel plugboard is 
10 inches long and inches wide. It contains 660 hubs in 
front and 660 corresponding prongs in the back. A double-panel 
plugboard or a triple-panel plugboard applies to some machines. 
In less time than it takes to describe It, we can take one wired-up 
plugboard out of a machine and put in a new wi{ed-up plug¬ 
board and thus change completely the instructions under which 
the machine operates. Many of the machines have a number of 
different switches that we must also change, when going from 
one kind of problem to another. 

The numbers that ore stored or sorted in punch-card maohinee 
may be of any sise up to 80 digits, one In each column of the 
punch cord. In doing arithmetic (adding, subtracting, multi¬ 
plying, and dividing), however, the largest number of digits is 
usually 10. Beyond 10 digits, we con work out tricks in many 
oases. 

TYPES OF PUNCH-CARD MACHINES 

■ 

The chief IBM punch-card machines are: the key punchy the 
verifierf the sorter, the interpreter, the reproducer, the collator, 
the multiplying punch, the calculatiTig punch, and the tabulator. 
Of these 0 machines, the last 6 have plugboards and can do 
many different operations as a result. 

Tlicro is a 6ow of punch cards through each of these machines. 
The machines differ from each other in the number and relation 
of the paths of flow, or card channele, and in the number and 
relation of the momentary slopping ]))acoB, or card stations, at 
which cards are read, punched, or othorwiso acted on. Wo can 
get a goo<l Idea of what a machine is from a picture of these 
card channels. 

Key Punch 

We use a key punch (Fig. 6) to punch original infunnation 
into blank cards. In the key punch tliero is one card channel; 
it has one ontrnnoe, one station, and one exit. At blio card sta- 
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Via. 6, Key puiuli. 


tion, there are 13 pvnokmg distj one for each poaition in the card 
oolunm, and eaob card oolumn ia preaented one by one for 

punching. The numeric keyboard 
(Fig. 6) for the key punch has 14 
keys: 

One key for each of the 
punohea 0 to 9, 11, and 12, 
A apace key, which allows a 
column of the punoh card to 
go by with no punch in it, 
A releaae key, which ejecta the 
cord and feeds another card. 

Of course, in using a key punch, we 
must punch the same kind of in- 
formation in the same group of columns. For example, if these 
cards are to contain employees’ social security numbers, we must 
pimob that number always in the same card columns, numbered, 
say, 16 to 2S, or 70 to 78, etc. 



Fid. a. Sleyfaoud of key punch. 


VorWsr 

The verifier ia really the same machine as the key punch, but 
it has dull punching dies moving gently instead of sharp ones 
moving with force. It turns on a red lig^t and stoxis when there 
ia no punched hole in the right spot to match with a pressed key. 

Sort Of 

The sorter is a machine for sorting cards, one column at a 
time (Fig, 7). The sorter has a card nhaTtnal that forks; it has 
one entrance, one station, and 13 exits. Faoh exit corresponds 
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CofdpMhab 

Fio. 7. Sorter, 

to: ono of the 12 punoh poaitionB 0 to 9, 11, and 12; or reject, 
which applioe when tlie column is nowhere punched. It has one 
card station whore a brush reads a single oolumn of the card. 
We can turn a handle and move the brush to any column. 


Interpreter 

The interpreter takes in a card, reads its punches, prints on 
the card the marks indicated by the punches, and stacks the 


ENflUNCe EXIT 

I I ICAH) 

1 STATIONS 
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card. We call this process interpreting the cord, since it trans¬ 
lates the punched holes into ])rinted marks. The interpreter 
(Fig, 8) has one card channel, with one entrance, 2 card stations, 
and one exit. What the machine docs at the second card sta¬ 
tion depends on what the machine rends at the first card station 
and on what we have told the machine by switches and plug¬ 
board wiring to do. 


Reproducer 

The reproducer or reproducing punch can: 

Reproduce, or copy the punches in one group of cards into 
another group of cords (In the same or difTcront columns). 
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CompearOp or make sure that the punohee in two groups of 
cards agroe (and abine a red light if they do not). 

Gang ptmeh, or copy the punches in a master card into a 
group of detail cards, 

Surnmary punch, or copy totals or summaries obtained in 
the tabulator into blank cards in tlie reproducer. 

The reproducer (Fig. 9) has 2 independent card channels, the 
cards not mingling in any way, called the reading channel and 


s ornuNcn 2 exin 
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the puntJUng charmeL We can run the machine with only the 
punching channel working; in fact, IBM equips some models 
mly with the punching channel, particularly for "summary 
punch" operatioai. The machine is timed so that, when any card 
is at the middle station in either channel, then tho noxt precede 
ing card is at the latest station, and the next following card is 
at the earliest station. At fi stations, the machine reads a card. 
At the middle station of the punching channel, the machine 
punches a card. Using a many'Wire cable, we can connect the 
tabulator to the reproducer and so cause the tabulator to give 
information electrically to the reproducer. This connection 
makes possible the "summary punch” operation. Here is nn 
instance with punch-card machines where, in order to transfer 
information from one machine to another, we are not required 
to move cards physically from one machine to another. 


TYPES OP PUNCH-CARD MACHINES 



Collator 

The collator Is a machine that arranges or collatea cards. It 
is particularly useful in selecting, matching, and merging cards. 
The collator (Fig. 10) has 2 card channels which join and then 
fork into 4 channels ending in pockets called Hoppers 1, 2, 3, 
and 4. The 2 card feeds arc called the Primary Feed and the 
Secondary Feed. Cords from the Primary Feed may fall only 
into the first and second hoppers. Cards from the Secondary 




Fio. 10. Collator. 


Feed may fall only into the second, third, and fourth hoppers. 
The collator hue 3 stations at which cards may bo road. 

IBM can supply additional wiring callod the coilalor count¬ 
ing detnee. With this wo can make the collatt)r count cards as 
well as ooinimrc thorn. For example, wc could ])Ut 12 blank 
cards from the Secondary Food boliind each punched card from 
the Primary Pcwl in order to prepare for some other operation. 


Calculoting Punch 

The calculating punch was introduced in 1046. It is a versfi'' 
tile machine of considerable capacity. It adds, subtracts, mul¬ 
tiplies, and divides. It also has n control over n soquenoo of 
operationB, in somo coses up to half a denon steps. 

Tliia machine (Fig. 11) has one card channel with 4 stations 
called, respectively, control bnuhea, reading bruskeSf punch feed, 
and punching dies. At station 1, there are 20 brushes; wo can 
set these by hand to read any 20 of the 80 card columns. At 
station 2 there are SO regular reading brushes. At station 3 the 
card waits for a part of a second while the machine calculates, 
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and, when that Is done, the card ia fed into station 4, where it 
is punched or verified. The multiplying punch is an earlier 
model of the calculating punch, without the capacity for division. 


Tabulator 

The tabulator oon select and list information from cards. 
Also, it can total infoimation from groups of cards in counters 
of the tabulator and can print the totals. 
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13. Tabulator. 


one card channel with two sta- 
, called the Upper Bruahea and 
'N Brurii station is reading one 
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oard, the Upp>er Brush statiaa is reading the next oard. The 
tabulator also has another channel, which is for endless paper 
(and sometimee separate sheets or cards). This channel has 
one station; here printing takee place. Unlike the typewriter, 
the tabulator prints a whole row at a time. It can print up to 
88 numerals or letters across the sheet in one stroke. The cords 
flowing through the oard channel and the paper flowing through 
the paper ohmmel do not have to move in step; in fact, we necKl 
many different time relations between them, and the number of 
rows printed on the paper may have almost any relation to the 
number of punch cards flowing through the card ohannel. 

At the station where paper is printed, we can put on the ma¬ 
chine a mechanism called the automatic camiage. This is like 
a type wr iter carriage, which holds the paper for a typewriter, 
but we can control the movement of paper throuf^ the auto¬ 
matic oarriage by plughocurd wiring, switch settings, and holes 
in punch cards. Thus we can arrange for headings, spacing, 
and feeding of new sheets to be oontrolled by the information 
and tile instruotions, with a great deal of versatility. 

HANDLING INFORMATION 

Wo have now described briefly the chief available punch-card 
machines as of the middle ot 1048. The next question is: How 
do we actually got something done by means of punch cards? 
Let us go back to the census example, oven thougli it may not 
be a very typical example, and see what would be done If we 
wished to oompile a census by punch cards. 

The first thing wo do is plan which columns of the punch card 
will contain what information about tlie people being counted. 
For example, the following might bo part of the plan: 



No. or PosHiDiunn 

COLiTTinlB 

Stale 

00 

1- 2 

County 

1,000 

fl— 6 

Towntihip 

10,000 

0- 0 

Clly or viHafo 

10,000 

10-18 

Box 

2 

14 

Ago lost Urtbdoy 

100 

16-10 

Oooupotkm 

100,000 

ir-ai 
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Under the heading statCj we know that there are 48 etates, the 
Uiatriot of Columbia, and several territories and poeeessions— 
all told, perhaps 60 possibilitiea. So, 2 pimoh-oard columns are 
enough: they will ^ow 100 different sets of punches from 00 to 
00 to be put in them. We then assign the code 00 to Maine, 01 
to Kew Hampshire, 02 to Vermont, etc., or we might assign the 
oode 00 to Alabama, 01 to Arisona, 02 to Arkansas, etc.—which¬ 
ever would be more useful. Under the other headings, we do tho 
same thing: count the possibilitieB; assign codes. In this case, 
it will be reasonable to use numeric codes 0 to 9 in each column 
in all places because we shall have millions of cards to deal with 
and numeric codes can be sorted faster than alphabetic codes. 
Alphabetic codes require 2 punched holes in each column, and 
sorting any column takes 2 opnationa. 

The punch cards are printed with the chosen headings. We 
set up the codes in charts and give them to clerks. Using key 
punches and verifiers, they pimoh up the cards and check them. 
They work from the original information collected by the Densus- 
taker in the field. Since the original information will come in 
geographically, probably only one geographic oode at a time will 
be needed, and it will be simple to keep track of. As to occu¬ 
pation, however, it may be useful to assign other clerks full time 
to examining the original information and specifying the right 
oode for the occupation. Then the clerks who do tho punching 
will have only copying to do. 

The great bulk of the work with the census will be sorting, 
counting, and totaling. The original punch cards will be sum¬ 
marised into larger and larger groups. For example, the cards 
for all males age 23 last birthday living in the state of Massa¬ 
chusetts are sorted together. This group of cards may be put 
into a tabulator wired to a summary punch. When the tabu¬ 
lator has counted the last card of this group, the summary pimch 
ptmohes one card, showing the total number in this group. Some 
time later a card like this will be ready for every state. Then 
the whole group of state cards may be fed into the tabulator 
wired to the reproducer acting as siunmary punch. When to¬ 
taled, the number of males age 23 last birthday in the United 
States will be punched into a single card. After more compiling, 
a card like tliia will be ready for all males in the United States 
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at each age. Then this group of cards may be fed into the tabu¬ 
lator wired to the summary punch. Saoh card may be listed by 
the tabulator on the paper flowing through it| showing the age 
and the number of males living at that age. At tlie end of the 
listingj the tabulator will print the total number of all males in 
the list, and the summary punch will punch a cord oontoininK 

this total. 


ARITHMETICAL OPERATIONS 

Punoh-oard machines can perform the arithmetioal operations 
of counting, adding, subtracting, multiplying, dividing, and 
rounding off. 

Counting 

Counting con be done by the sorter, the tabulator, and the 
collator. The tabulator can print tlie total count. The tabu¬ 
lator and summary punch wired together can put the total count 
automatically into anotlier punch card. The sorter shows the 
count in dials. 

Adding and Subtracting 

Adding and subtracting can bo done by the tabulator, the 
calculating ptmoh, and the multiplying punch. In the calculat¬ 
ing and multiplying punches, tho sum or difTeronce is usually 
punched into tho same card from which tho numbers were first 
obtained. Tlie tabulator, however, obtains tho result first in a 
counter; from tlio counter, it can be printed on paper or punched 
into a blank card with the aid of the summary punch. 

Numlxjrs are handled os groups of decimal digits, and the 
machines mirror tho properties of digits in the decimal system. 
Negative numbers are usually handled ns complBrnenlt (see 
Supplement 2). For example, if wc have in tho tabulator a 
counter with a capacity of six digits, tho number —000013 is 
stored in the counter os tlie complement 009087, Wo cannot 
store in the counter tho number +000087, since we cannot dis¬ 
tinguish it from —000013. In other words, if a counter is to bo 
used for both positive and nogaUve numbers, its capacity is 
actually one digit loss, since in tho last decimal place on the loft 
0 will mean positive and 9 will mean uegutivo. 



w commiTa holes 

Mulflpl/lng and Dlvfdfng 

Multiplying in done in the oaloulating and multiplying punches. 
In both oases, the multiplication table is built into the oirouita 
of the machine, and the system of left-hand components and 
right-hand compcnentB is used (see Supplement 2). 

Dividing is done in the calculating punch and is carried out in 
that machine much as in ordinary arithmetic. By means of an 
estimating circuit the calculating punch guesses what multiple of 
the divisor will go into the dividend. Then H determines that 
multiple and lanee H. 

Rounding Off 

Bounding off may be done in S punch-card machines, the calcu¬ 
lating and multiplying punches, and the tabulator. For example, 
suppose wo have the numbers 49.1476, 68.6327, and wc wish-to 
round them off to 2 decimal places. The results will be 49.16 
and 68.63. For the first number, we raise the .0076, turning 

.1476 into .16, since .0076 is more than .006. For the second 

■ 

number, we dr(^ the .0027 since it is less than .006. 

Sach of these punch-card machines provides what is called a 
S impulse in each machine cycle. When the number is to be 
rounded off, the 6 impulse is plugged into the first decimal place 
that is to be dropped, and it is there added. If the figure in the 
decimal place to be dropped is 0 to 4, the added 5 makes no 
difference in the last decimal place that is to be kept. But, if 
the figure in the decimal place to be dropped is 5 to 9, then the 
added 6 makes a carry into the last decimal place that is to bo 
kept, increasing it by 1, and this is just what is wanted for 
rounding off. 

LOGICAL OPERATIONS 

Funoh-oard machines do many operations of reasoning or 
logic that do not involve addition, subtraction, multiplication, 
or division. Just as wo can write equations for arithmetical 
operations, so we can write equations for these logical operations 
usug mathematical logic (see Chapter 9 and Supplement 2). 
If any reader, however, is not interested in these logical equa¬ 
tions, he should skip each paragraph that begins with “in tlio 
language of logic,” or a similar phrase. 
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Translating 

Reading and writing are operationa perhaps not striotly of 
reasoning but of translating from one language to another. 
Basioally theee operationB take in a mark in one language and 
give out a mark with the same meaning in another language. 
For example, the interpreter takes in punched holee and gives 
out printed marks, but the holes and the marks have the same 
meaning. 

The major part of sorting is done by a punoh-oard sorting 
machine and can be considered an operation of translating. In 
sorting a card, the machine takes in a mark in the form of a 
punched hole on a punch card and specifies a place bearing the 
same mark where the card is put The remaining part of sort¬ 
ing is done by human beings. This part consists of picking up 
blocks of cards from the pockets of the sorter and putting the 
blocks together in the right sequence. 

* 

CompaHno 

Tlio first operation of reasoning done by punoh-eard machines 
is coinparing. For an example of comparing in the operation of 
the tabulator, lot ua take instructing the machine when to pick 
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up a total and print it. As an illustration, suppose tliat we are 
making a table by state, county, and township of the number of 
persons counted in a census. Suppose that for each township we 
have one punch card telling the total numl>er of porsons. If all 
the cords are in sequence, tlion, whenever the county changes, ws 
want a minor total, and, whenever tlio state changes, we want a 
major total. What docs the raachino do? 

The tabulator has a mechanism that we shall call a comparer 
(Fig. 13). A comparer has 2 inputs that may bo called Previoua 
and Citrrsnf and one output that may be called Uneqttal. The 
comparer has the property of giving out an impulso if and only 
if there is a difference between the 2 inputs. 
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In tho language of the algebra of logio (aee Supplement 2 and 
Chapter Q), let the pieoee of information coming into the com¬ 
parer be a and b, and let the information coming out of the 
comparer be p. Then the equation of the comparer is: 

p — r(o ^ h) 

trfaere ”2* (•••)” io ‘Hhe truth value of • • •" and **•*•” is a 
statement, and where the truth value is 1 if true and 0 if false. 

In wiring the tabulator so that it can tell when to total, we 
use the oomparer. We feed into it the county from the current 
card and tlie county from the previous card. Out of tho com¬ 
parer we get an impulse if and only if these two pieoes of infor- 
mation are different. This is just what happens when the 
county changes. The impulse from the comparer is then used 
in further wiring of the tabulator: it makes the counter Uiat is 
busy totaling the number of persons in the county print its 
total and then clear. In the same way, another oomparer, which 
watches state instead of county, takes care of major totals when 
the state changes. 

■ 

SelecHny 

The next operaldon of reasoning which punch-card machines 
can do is aeUctinQ. The tabulator, collator, interpreter, repro¬ 
ducer, and calculating punch all may contain mechanisms that 
can select information. These mechanisms are called aelectors, 

"For example, suppose that we are using the tabulaUir to mako 
a table showing for each city the number of males and tho 
number of females. In the table we shell have three columns: 
first, city; second, males; third, females. Suppose that each 
punch card in columns 30 to 36 shows the total of males or 
females in a city. Suppose that, if and only if the card is for 
females, it has an X punch (or 11 punch) in oolunm 79. What 
do we want to have hap]>en7 We want the number in columns 
30 to 86 to go into the second column of the table if there is 
no X in column 70, and we want it to go into the third column 
of the table if there is an X in column 70. This is just another 
way of saying that we want the number to go into the males 
column if it is a number of males, and into the females column 
if it is a number of females. We make this happen by using 
a selector. 
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A selector (Fig. 14) is a meobanism with 2 ixiputa and 2 
outputs. The 2 inputs are called X Pickup and Common. The 
2 outputs are called X and No X. The X Fiokupj as its name 
implieSj watches for X's. The Common takes in information. 
What comes out of X is what goes into Common if and only 
if an X punch is picked up; otlierwise nothing comes out. 
What comes out of No X is what goes into Common if and 
only if an X punch is not picked up; otherwise nothing comes 
out. From the point of view of ordering punch-card equipment, 
we should note that there are two typos of soleotors; X aelectora 
or X diatfibutarSt wliioh have a selecting capacity of one 
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column—that is, one decimal digit—and cUum sslecfors, which 
ordinarily have a selecting capacity of 10 columns or 10 decimal 
digits. But wo shall disregard this difference liorc, as wc have 
disregarded most othor questions of capacity in multiplication, 
division, etc. 

In the language of logic (see Chapter 0 and Supplement 2), 
if p, a, bf c arc the information in X Pickup, Ckimmon, X, and 
No X, respootively, then the oqimtions for a selector arc: 

h = o*p 
c = a* (1 — p) 

Returning now to the table wo wish to make, wo connect 
columns 30 to 36 of the punch card to Common. Wo connect 
cohimn 79 of the punch card to the X Pickup, Wo connect the 
output No X to tho males column of the table. Wo connect the 
output X to tho f cm ales ooluinn of tho table. In this way wc 
make the number in tho punch card appear in either one of two 
places in tho table aoconling to whether the number counts 
males or females. 

Wo iniglit mention several more properties of selectors. A 
selector can l>o used in tho reverse way, with X Pickup, X, and 
No X as inputs and Common as output (Fig. 15). What will 
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oome out of Common is (1) what goes into input No X if there 
is no X puneh in the oolumn to which input X Pickup is wired, 
and (2) what goee into input X if there is an X punch in the 
oolumn to which input X Pickup is wired. 

In thin ease the logical equation for the eeleotor is: 

a - hp + c(l — p) 

Also, seleMors can be used one after another, so that selecting 
based on 2 or 3 X punches can be made. 
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In the language of lo|^o, if p, q, r are the truth values of 
“tliere is an X punch in oolumn t, i, fc,” respectively, then by 
means of selectors we con get such a function as: 

c -• txpq + b(l — q)(l — r) 

Also, a selector may often be energised not only by an X 
punch bub also by a punch 0, 1, 2, • • •, 9 and 12. In thb case, 
the selector is equipped with an additional input that can re¬ 
spond to any digit. This input is called the Digit Pickup. 


Digit Selector 


Something like an ordinary selector is another mechanism 
called a digit selector (Fig. 16). This has one input, Common, 

and 12 outputs, 0, 1, 2, 3, 4, 5, 6, 



7, 8, 9, 11, 12. This mechanism is 
often included in the tabulator and 
may be included in other punch- 
card machines. For example, sup¬ 
pose that we want to do something 
if and only if oolumn 62 of a punch 
oard contains a 3 or a 4 or a 0. 


Then we connect a brush that reads oolumn 62 of the punch card 
to the Common input of the digit selector. And we connect out 
from the digit selector jointly from outputs 8, 4, and 9. 
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In the language of logio, If a is the digit going into Common, 
and if p is the impulse coming out of the digit selector, then the 
equation of the meohanism in this case U: 

P - r(o = 3, 4, 9) 


Sequencer 

A fourtli operation of reasoning done by punoh-oord moohinea 
is finding tliat one number is greater than, or equal to, or leas 
than another. This operation is done in the collator and may 
be called sequencing. For example, suppose that we have a file 
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of punch cards for cities, showing in columns 41 to 48 the 
number of people. Suppose that we Arish to pick out the cards 
for cities over 126,000 in population. Now the collator has a 
mechanism that has 2 inputs and 3 outputs (Fig, 17). We may 
call this mechanism a seqtisncsr, since it can tell the sequence 
of two numbers. “What goes into the Prinuiry input is a number: 
let us call it a. What goes into Secondary is another number: 
let us call it b. An impulse corace out of Low Primary if a is 
less than b. An impulse comes nttt of Equal if a equals b. An 
impulse comes out of Low Secondary if a is greater than b. 

In the language of logic, if p, 7, r are tho three indioations in 
Iiow Primary, Equal, and Low Secondary, then: 

p - rco < b) 

g - T(a - 6) 
r = r(a > 5) 

Hetuming to our example, wo punch up a card with 125,000 
in columns 43 to 48, and wo put this card into tho Secondary 
Feed. We take tho punch cords for cities and put them into the 
Primary Feed. In tlio plugboard, we connect the hubs of the 
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Secondary Bruahee (that read the card in the Secondary Feed), 
oohunns 4S to 4S, to the Secondary input of the Sequencer. We 
connect the huba of the Primary Brusbea (that road the card in 
the Primary Feed), columns 41 to 48| to the Primary input of 
the Sequencer. Then we connect the Low Primary output of 
the Seqnehoer to a device that oausee the city card being exam¬ 
ined to fall into pocket 1. We connect Equal output and Low 
Secondary output to a device that oauaea the city card being 
examined to fall into pocket 2. Then, when the card for any 
oHy comes along, the machine oomparee the number of people 
in the city with 126,000. If the number ie greater than 126,000, 
the card will fall into pocket 1; othorwise the card will fall into 
pocket 2. At the end of the run, we shall find in pocket 1 all 
the cards we want. 


NEW DEVELOPMENTS 

We may expect to see over the next few years major develop¬ 
ments in punch-card machinery. It would seem likely that typos 
of punch-cord machines like the following might be constructed: 

A punoh-oard machine that performs any aritlimetical or 
logical operation at high speed and may perform a duacn 
such operations in sequence during tlie time tliat a punch 
card passes through the machine. 

A punch-card machine that uses loops of punched paper 
tape, which express either a sequence of values in a tablo 
that the machine can consult or a sequence of Instructions 
that govern the operations of the machine. 

Punch-card machinery that uses a larger card than the 
80-column card. 

A punch-card machine that may have a fairly large amount 
of internal memory, perhaps 30 or 40 rogpstors where 
numbers or words may be stored and referred to. 

SPEED 


The speed of various operations with present IBM punoh-cartl 
machines is about as shown in the table. 
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MAaHm 

OraBATiaiT 

Ton Df SnooirDS 

Key punch 

Punch 80 eohunns 

About 20 to 40 

VoriAer 

Choek 80 onlnmna 

About»to 40 

Sorter 

Sort 1 card on 1 eohimn 

0.16 

Intorpretor 

Print 1 lino 

0.8 

Ro]jroducer 

Roproduoo a card, all 80 oohimm 

o.e 

Collator 

Merge 2 oaidi 

0.26 

Multiplying punch 

Multholy by 8 lUglta 

6.6 

Calculating punch 

Add 

0.8 

Caloiilating punch 

Multiply by 8 lUglta 

8.6 

Calculating punch 

Divid^ obtaining 8 quotient digits 

0.0 

Tabulator 

Print 1 lino, numbora only 

0.4 

Tabulator 

Print 1 lino, lottorB included 

0.76 

Tabulator 

Add nnmbora from 1 card 

0.4 


COST 

Punch-card maohinee may bo cither rented or purohaaed from 
some manufacturera but only rented from others. If vo take 
the cost of a clerk as $120 to $160 a month, the monthly rent of 
most punch-oard machines ranges from Yio of the cost of a clerk 
for the simplest type of machine, such as a key punch, to 3 times 
the cost of a clerk for a complicated and versatile type of ma¬ 
chine, such as a tabulator with many attachments. The rental 
basis is naturally convenient for many kinds of jobs. 

\ 

RELIABILITY 

The reliability of work with punch cards and punch-card 
mncliinos is often much bettor than 09 iwr cent: in 10,000 opera¬ 
tions, fnilurcs should l>o less than 2 or 3. This is, of course, 
much better than with clerical oi>eration8. 

There are a number of oauscs for machine or card failures. 
S<iraclimc8 cards may be warped and may not feed into tho 
machines properly. Or, the air in the room may be very dry, 
and static cleotrioity may make the cords stick togetlior. Or, 
the air may be too humid; the cards may swell slightly and may 
jam in the machine. A punch may get slightly out of true align¬ 
ment, and punches in the cards may ho slightly off. A relay may 
get dust on its contact points and, from time to time, fail to 
perform in the right way. Considerable onginocring effort has 
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put into remedying those and othef troubleOi with much 

BUOOeflB. 

To make sure that we have oorreot reeulia from human beinga 
working with punoh>oard maohinea, we may verify each procoes. 
Xnformatlon that ia punched on the key punch may be verified 
on the verifier. MultiplioationB done with multiplicand a and 
multiplier b may be repeated and compared with multiplioationa 
done with multiplicand h and multiplier a. Cards that are 
sorted on the sorter may be put through the collator to make 
sure that their sequence is correct. It is often good to plan 
every operation so that we have a proof that the result is riglit. 

It is standard practice to have the machines inspected regu¬ 
larly in order to keep them operating properly. On the average, 
for every 60 to 75 machines, there will be one full-time service 
man maintaining them and taking care of calls for repairs. Of 
course, as with any machinery, some service colls will be a re¬ 
sult of the human element; for example, a problem may have 
been set up wrongly on a machine. 

GENERAL USEFULNESS 

Funoh-oard calculations are much faster and more accurate 
than band oaloulationa. With punch cards, work is organised ao 
that all oases are handled at the same time in the same way. 
This process is very different from handling each case separately 
from start to finish. As soon as the number of oases to bo 
handled is more than a hundred and each item of informatinn 
is to be used five or more times, punch cards are likely to bo 
advantageous, provided other factors are favorable. Vast quan¬ 
tities of information have been handled very successfully by 
punch-card machines. Over 30 scientific and engineering labo¬ 
ratories in the United States are doing computation by punch 
oards, Over a billion ptinoh cards, in fact, are used annually 
in this country. 



Chapter 5 


MEASURING: 

/AAS5ACHUSETTS INSTITUTE OF TECHNOLOGY'S 

DIFFERENTIAL ANALYZER NO« 2 


In the previous chapter we talked about maohinos that move 
information expressed as holes in cards. In this chapter we shall 
talk about machines that move information expressed as measure' 
menta. 


ANALOGUE MACHINES 

A simple example of a device that usee a measurement to 
handle information is a doorpost Hero the height of a child 
may be marked from year to year as he grows (Fig. 1). Or, 
suppose that we have a globe of tlie world and wish to find the 
shortest path between Chicago and Moscow. We may lay a 
piece of string on the globe, pull it ti^^t between those points, 
and then mcosuro the string on a scale to see about what dis¬ 
tance it shows (Fig. 2). 

Machines that handle information as measurements of phys¬ 
ical quantities are called analogue raachinee, because the meos- 
urement is analogous to, or like, the information. A oominon 
example of analogue machine is the aUde nx2e. With this we 
calculate by noting the positions of ruled lines on strips that 
slide by each othor. These strips are made of fine wood, or of 
plastic, or of steel, in such fashion that tho ruled lines will hold 
true positions and not warp. If we space the rulings so that 
1,2, 3,4, 6, 6 • • • are equally spaced, then the slide rule is useful 
for addition (Fig. 8). But if we space tho rulings so that powers 
(for example, powers of two—^1, 2, 4, 8,16, 32 ■ • •) (Fig. 4) arc 
equally spaced, we can do multi]illoation. The spaoings are then 
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aooording to the logarithma of numbora (see Supplement 2). 
Multiplioaticni is more troublesome than addiUmi, and eo more 
slide rules are made for multiplication than for addition. 

During World War II, the aiming and firing of guns against 
hostile plEmes was done by machine. After sighting a plane, 
these machines automatically calculated how to direct fire 
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against it. They wore much better and faster than any man. 
These ftre-control instruments were analogue machines with 
steel and electrical parts built to fine tolerances. With care wo 
can get accuracy of 1 part in 10,000 with analogue machines, 
but greater accuracy is very hard to got. 

PHYSICAL QUANTITIES 

Suppose that we wish to make an analogue machine. ■ We 
need to represent information by a measurement of something. 
What should wc select? Wliat physical thing to be measured 
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should we choose to put into the machine? Different amounts 
of this physical quanHty will match with different amoimts of 
the measurement being expreesed. In the case of the doorpost, 

the string, and the slide rule, the 
physical quantity is dlstanoe. In 
many fire-control instruments, 
the physioal quantity is the 
amount of turning of a shaft (Fig. 
6). Many other physioal quan- 
titiee have from time to time been 
used in analogue maohines, such 
as electrical measurements. The speedometer of an automobile 
tells dlstanoe traveled and speed. It is an analogue machine. It 
uses the amount of turning of a wheel, and some eleotrioal prop¬ 
erties. It handles information by means of measurements. The 
basio physioal quantity that it measures is the amount of turning 
of a shaft. 

DIFFERBsmAL ANALYZER 

The biggest and cleverest meohanioal brain of tbe analogue 
type which has yet been built is the dijfermtial onalyMor finished 
in ld43 at Maasaohusetta Institute of Technology in Cambridge, 
Mass. The fundamental physical quantity used in this machine 
is the amount of turning of a shaft. The name analygor means 
an apparatus or machine for analysing or solving problems. It 
happens that the word ''analyser^' has been used rather more 
often in oonneotion with analogue machines, and so in many oases 
the word "analyier** carries the meaning ^'analogue” as well. The 

word ''differential*' in the phrase "differential analyser" refers to 
the main purpose of tbe machine; it is specially adapted for solv¬ 
ing problems involving differential equatione. Now what is a 
differential equation? 
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DIFFERENTIAL EQUATIONS 

In order to explain what a differential equation is, we need 
to use certain ideas. These ideas are; equation,* fortniUaj fwio- 
tion; rate of change; interval; derivative; and integral. In iJie 
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next few paragraphs, we shall introduce these ideas briefly, with 
some explanation and examples. It is entirely possible for any¬ 
one to understand these ideas rather easily, by oolleoting true 
statements about them; no one should feel that because these 
ideas may be new they oannot be understood readily. 

PHYSICAL PROBLEMS 

In physios, ohemietry, mcohanice, and otlier scienoee there are 
many problems in which the behavior of distance, of time, of 
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speed, heat, volumo, eleotrical current, weight, acooloration, pres¬ 
sure, and many othor physical qttantUies are related to each 
other, libcamples of such problems are: 


What ore the various angles to which a gun should bo raised in order 
that It may shoot various distnneosT (Son Fig, 6.) (The paths of a 
shot from a gun are called trajectories.) 

If a piano flies in a direction always at the same angle from the 
north, how much farther will it travel than if it dew along the shortest 
path? (Soo Fig. 7.) (A path always at the some angle from the 
north is called a loxodrome, and a sbortcet path on a ^obo is called a 
great circle,) 

How should on engine bo designed so that it will have the least vibra¬ 
tion when it moves fast? 
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In pAyticoZ problems like the 
nnmber but a jormula. What wo 
pfobleme I 0 And. a formula bo tbai 
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e, the answer is not a single 
want to do in any one of those 
any one of the quantities may 
be oaloulated, given the 
havior of the others. For ex¬ 
ample, here is a familiar prob¬ 
lem in which the answer is 
a formula and not a nmnber: 

How are the floor area of a 
room, its length, and its width 
reUt^ to each other? (See 

Fig. 8.) 

The answer is told in any one 
of three equatioru: 

{fioor area) squai^ (length) 
TnoEfl (width) 

(length) bquals (floor area) 

DIVIDID ST (width) 

(wtdtA) squAia (floor area) 
DirmsD BT (length) 


The first equation shows that the floor area depends on the 
length of the room and also on the width of the room. So we 
say floor area is a iwnction of length and width. This particular 
function happens to be productf the result of multiplication. In 


other words, floor area is 
equal to the product of length 
and width. 

Now there is another kind 
of function called a dtj^eren- 
Hal /unction or derivative. 
A differential function or de¬ 
rivative is an matantaneoua 
rate of change. An instan¬ 
taneous rate of change is the 
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result of two steps: (1) finding a rate of change over an interval 
and then (2) letting the interval become smaller and smaller in¬ 
definitely. For example, suppose that we have the problem: 


How are speed, distance, and time related to each other? 
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One of the anewore is: 

(spMtf) BQUAU TTJH THSTANTAmonB HATS OF OHAKtai OF (dutoncs) 
VTTH RBBFBOT TO (ttms) 

Or wo can say, and it is just the same thing in other words: 

(«p0ed) BQUAU THH dhuvaktvs of (duhmce) with rkspht to 
(tims) 

Now we can tell what a difTerential equation is. It is simply 
an equation in which a derivative occurs, such as the last ex¬ 
ample. Perhaps the commonest kind of Equation in physioal 
problems is the difTerential equation. 

SOLVING PHYSICAL PROBLEMS 

Now we were able to change the equation about floor area into 
other forms, if we wanted to find length or width instead of floor 
area. When wo did this, we ran into the tnversB or opposite of 
multiplication: division. 

In the same way, we can change the equation about speed into 
other forms, if we wont to find distance or time instead of speed. 
If we do tills, wo run into a new idea, the inverse or opposite of 
the derivative, called integral. The two new equations ore: 

(dutonre) bquai^ thb nnsoBAL ov (spesd) with bbbfxot 

TO {time) 

(ffmsl KQUALB THB INTBOBAL OF [OZnt DIVliUD BT (SpSSd)] 
WITH RSBFBCT TO {distance) 

These equations may also bo called differential equatians. 

An integral is the result of a process called integrating. To 
integrate speed and get distance is the result of three steps: (1) 
breaking up an interval of time Into a large number of small 
bits, (2) adding up all the small distances that we get by taking 
each bit of tiino and multiplying by the speed which applied in 
that bib of timo, and (3) lotting the bits of time got smaller and 
smaller, and lotting the number of them get larger and larger, 
indefinitely. 
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In other 'wozdai 

{total diatanco) bqoau thb sttm of aijL thb bmau^ (dt«- 
tencet), XA.OH kqdal to: a bit of (h’me) Mui/ripuro bt 

THB {apMd) AFFLYINQ TO THAT BET 

This is another way of Baying ob before, 

(distance) siuAid thb zntbobal of (spaed) with bbbpocr 
TO (iima) 

To solve a differential equation, we almost always need to in¬ 
tegrate one or more quantitieB. 

ORIGIN AND DEVELOPMENT OF THE DIFFERENTIAL ANALYZER 

For at least two centuries, solving differential equations to 
answer physical problems has been a main job for mathernati- 
oianB. Malhematlos is supposed to be logical, and perhaps you 
would think this would be easy. But mathematicians have been 
unable to solve a great many differential equations; only here 
and there, os if by accident, oould they solve one. So they often 
wished for better methods in order to make the job easier. 

A British mathetmatioiaii and physicist, William Thomson 
(Ijord Kelvin), in 1879 suggested solving differential equations 
by a machine. He went further: he described meohanisma for 
integrating and other matbematioal proceeses, and how these 
mechanisms oould be connected together in a machine. No such 
machine was then built; engineering in those years was not 
equal to H. In 1023, a machine of this type for solving the dif¬ 
ferential equations of trajectories was proposed by L. Wain- 
wri^tk 

In 1026, at Massachusetts Institute of Technology, the prob¬ 
lem of a machine to solve differential equationB was again being 
studied by Dr, Vannevar Bush and bis assooiatee. Dr. Buedt 
experimented with mechanisms that would integrate, add, mul¬ 
tiply, etc., and methods of connecting them together in a ma¬ 
chine, A major part of the suooess of the machine depended 
on a device whereby a very small turning force would do a 
rather large amount of work. He developed a way in which the 

small turning force, about as small as a puff of breath, oould be 
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used to tighten a string around a drum already turning vith a 
oonsiderable forooi and thus olutoh the drum, bring in that force, 
and do the work that needed to be done. You may have watched 
a ship being loaded, seen a man coil a rope aroimd a wtnc/i, and 
watched him swing a heavy load into the air by a slight pull on 
the rope (Fig. 9). If so, you have seen this same principle at 
work. The turning force (or torqw) that pulls on the rope is 
greatly increased (or amplified) by such a mechanism, and so 
we oall^it a torque amplifier. 
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By 1930, Dr. Bush and his group hod finished the first differ¬ 
ential analyser. It was entirely mechanical, having no electrical 
parts except the motors. It was so sucoesaful that a number of 
enginoering schools and manufacturing busincssos have since then 
built other machines of the Bush tyxw. Each tirao, some im¬ 
provements were made in accuracy and capacity for solving 
problems. But, if you changed from one problem to another on 
this type of machine, you hod to do a lot of work with screw¬ 
drivers and wrenches. You had to undo old mechanical connec¬ 
tions between shafts and set up new once. Accordingly, in 1936, 
the men at MIT started designing a second differential analyser. 
In tills one you could make all the connections elootrioally. 

MIT finished its second difTerential analyser in 1942, but the 
fact was not published during World War II, for the machine 
was put to work on important military problems. In foot, a 
rumor spread and was never denied that the moohino was a 
white elephant and would not work. The machine was officially 
announced in October 1946. It was the most advanced and effi¬ 
cient difTerential analyser over built. We shall talk ohiofly 
about it for the rest of this chapter. A good technical descrip- 
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tlon of this machine ia in a paper, “A New Type of Pifleirential 
Anolyoer/^ by Yonnevar Buoh and Samuel H. Caldwell, pub- 
liohed in the JowmI of the FrankUn JnetUute for October 1946. 

GENBIAL OROANIIATION OF MIT DIFFERENTIAL ANALYZBt NO. 2 

A differential anatyier ia basically made up of shafts that 
turn. When we set up the machine to solve a differential equa¬ 
tion, we assign one shaft in the machine to each quantity ro- 
ferred to in the equaiian. It is the job of that shaft to keep 
track of that quantity. The total amount of turning of tliat 
shaft at any time while the problem is running measures tho 
size of that quantity at that time. If the quantity decreases, 
the shaft turns in the opposite direotion. For example, if we 
have speed, time, and distance in a differential equation, wo 
label one shaft '‘speed," another shaft "time," and another shaft 
“distance." If we wish, we may assign 10 turns of the "time" 
shaft to mean "one second," 2 turns of the "distance" shaft to 
mean "one foot," and 4 turns of the "speed” shaft to mean “one 
foot pec seoand," These are called seals factors. We oould, 
however, use any other convenient units that we wished. 

By just looking at a shaft or a wheel, we con tell what part 
of a full turn it has made—a half, or a quarter, or some other 
part—^but we cannot tell by looking how many full timis it has 
made:. In the machine, tiierefore, there are mechanisms that 
record not only full turns but also tenths of turns. These are 
called counters. We can connect a counter to any shaft. When 
we want to know some quantity that a shaft and counter ara 
keeping track of, we read the counting mechanism. 

second differential analyser, which MIT finished in 
1942, went a step further than any previous one. In this ma¬ 
chine, a varying number can be expressed either (1) meohnn- 
ioally os the amount of turning of a shaft, or (2) electrically aa 
the amount of two voltages in a pair of wires. The MIT men 
did this by means of a mechanism called an angle indicator. 

Angle indicators have essentialty three parts; a transmitter, 
a receiver, and switahes. The transmitter (Fig. 10) can sense 
the exact amount that a shaft has turned and give out a voltage 
in each of two wires which tells exactly how much the shaft has 
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turned (Fig. 11). The receiving device (Fig. 12)} which has a 
motor, can take in the voltages in the two wires and drive a 
second shaft, making it turn in step with the first shaft. By 
means of the switchboard 
(Fig. 13), the two wires from 
the transmitter of any angle 
indicator can lead anywhere 
in the machine and be ocm- 
nested to the receiver of any 
other angle indicator. 

In a differential analyser, 
we can connect the shafts to¬ 
gether in many different ways. For example, suppose that we 
want one shaft b to turn twice as much as another shaft a. For 
thia to happen we must have a mechanism that will oonneot shaft 
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Pig. 10. Scfaeme of angje-hidloator 

trajumittar. 
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a to shaft b and moke shaft b turn twice as much as shaft a. We 
can draw tlie sclicmo of this mechanism in Fig. 14: a box, stand¬ 
ing for any kind of simple or complicated inochanisin; a line 
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Fia. 12. Sebome of ongki-indiRnlor roooiver. 


going into it, standing for input of the quantity a; a line going 
out of it, standing for output of the quantity b; and a statement 
saying that b equals 2a. 
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One meohaniom that will make flha/t b turn twice as much as 
Bhaft a is a jmr oj ffeara such that: (1) they mesh together and 
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Fni. 14. Soheoie of a doubling meehaniam. 


(2) the gear on shaft a has twice as many teeth as the gear on 
shaft 5 (Pig. 16). On the mechanical differential analyser that 

MIT finished in 1980, a pair of 
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gears was the mechanism actii'- 
ally used for doubling. To make 
one shaft turn twice as much as 
another by this device, we 
would: go over to the machine 
with a screwdriver; pick out 
from a box two gears, one with 
twice as many teeth as the 
other; slide them onto the shafts 
that are to be connected; make 
the gears mesh together; and 
screw them tight on their shafts. 

On the MIT differential ana** 


lywr No. 2, however, we are better off. A much more convenient 
device for doubling is used, We make use of: a gBoirbox in which 
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there are two ehafta that may be geared so that one turns twice 
08 much as the other, and two angle-indioator transmitters and 
receivers. Looking at the drawing (Fig. 16), we can see that: 
shaft a drives shaft c to turn in step, shaft o drives shaft d to turn 
twice as much, and shaft d drives shaft b to turn in step. Here 
we can accomplish doubling by olosing the pairs of switches that 
oonneot to the gearbox shafts. 

Above, we have talked about a mechanism with gears that 
would multiply the amount of turning by the constant ratio 2. 

I wfclu rfc tr w1m ,oBd S, 
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Fio. 16. Anolhor oxomplo of a doubling mechnniran. 


But, of courso, in a calculation, any ratio, say 7.66, 3.142, < ■■, 
might be needed, not only 2. In order to handle various con¬ 
stant ratios, gearboxes of two kinds are in differontial analyser 
No. 2. The first kind is a ons~dioit gearbox. It can bo set to 
^ve any of 10 ratios, 0.1, 0,2, 0,3, * • *, 1.0. The second kind is 
a four-digit gearbox. It can bo set to give any ono of more than 
11 thousand ratios, 0.0000, 0.0001, 0.0002, l.llOQ, 1.1110, 
Wo can thus multiply by constant ratios. 

Adders 

We come now to a now ineehaniHm, wlnieo purixwo is to add 
or subfroct the amount of turning of two Hhafts. It is called an 
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Fia. 17. Sclionio of an luldor iiuwhiiniBni. 

odder. The scheme of it is shown in Fig. 17: an input shaft 
with amount of tiu*ning a, another input shaft with amount of 
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turning 6, and on output ahaffc with amount of turning a + 6. 
The adder eeeentially ia another kind of gearbox, called a m/- 
/erentuU gear aeeemblv. This name ie oonfuemg: the woM 
“differential” here haa nothing to do with the word differential 

' Tbia meohamem ia very oloeoly ro- 


difforontial analyier. 



lated to the “differential” 
the rear Eude of a motor oar, 
wbioh diatributee a driving 
thrust from the motor to the 
two roar wheola of the oar. 

A type of differential gear 
assembly that will add is shown 
in Fig. 18. This ia a set of 6 
gears A to S. The 2 gears A 
and B are input gears. The 
amount of their turning ia a 
and fa, reapeotivoly. They both 
mesh with a third gear, C, free 
to turn, but the axis of is 
fastened to the inside rim of a 
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fourth, laiger 


Thus 



D is driven, and the amount 
of ita turning is (a + fa) /3* 
This gear meshes with a gear B with half the number of teeth, 
and so the amount of turning of £ is a + h. 

We can subtract the turning of one shaft from the turning of 
another simply by turning one of the input shafts in the oppo¬ 
site direction. 


Integrators 

Another mechanism in a differential analyser, and the one 
that makes it worth while to build the machine, la called an 
integrator. This mechanism carries out the prooees of integrat¬ 
ing, of adding up a very large number of small changing quan- 
titieB. Figure 10 shows what an integrator is. It has throe 
chief parts: a due, a littilG taheel, and a ecrew. The round diao 
turns horiicmtally on its vertioal shaft. The wheel rosts on the 
disc and turns vertically on its horisontal shaft. The screw goes 
through the support of the disc; when the screw turns, it ohangoa 
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the distance between the edge of Uie wheel and the oenteor of 
the disc. 

Now let us watch this mechanism move. If the disc turns a 
little bit, the wheel pressing on it must turn a little bit If the 
screw turns a small amount, the distance between the edge of 
tiie wheel and the center of the disc changes. The ammmt that 
the wheel turns is doubled if its distance from the center of the 

WHEBL'SIm) hub omi il«d momIwii 

0009 fndi twwvwtMlyli 

eoiiod wWi IM dhc 



Fkl id. Mochaniam of tntagrator. 


disc is doubled, and halved if that distance is halved. So we 
see that: 

{the total amount that the wheel hims) bqiUals thb bum 
OF ALL THR bmaiJj {amounts of turning) j sach xqual rro: 
A Birr OF (disc turning) multiplibd uy thd (distance from 
the center of the disc to the edge of f/ta wheel) apflyinq 

TO THAT HIT 

If we look back at our disouBsion of integrating (p. 72), we see 
Uiat Uio capital words bero nro just the same as those used there. 
Thus wo have a mooli anistn that expresses integration: 

{the total amounl that the wheel fume) bquai^ thb in- 
TBGBAL OF (the diatance from the center of the disc to the 
wheel) WITH bubpbct to {the amount that the diao tuma) 

The scheme of this moohanism is shown in Fig. 20. 

For example, suppose that the screw measures the speed at 
which a oar travels and that the disc measures time. The wheel, 
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oonsequesitly} will meaauro diatanoe traveled by the oar. The 
meohamsm JMrmRATK speed with respect to time and givee die* 
tanoe. 

MFUn OUTPUTi 

1 WhMlturw,iv 

■ hlwofd of • 
wflhrasMdto t 

Fni. 30. Soheme of integrator. 



tenwimiLi 


This meohaniam is the device that Lord Kelvin talked about 
tn 1879 and that Dr. Bush made practical in 1926. The me- 
ohanioal dlfBoulty is to make the friction between the diso and 
the wheel turn the wheel with enough force to do other work. 
In the second differential analyser, the angle indicator set on the 
shaft of the wheel solves the problem very neatly, 

FuncHon Tablw 

The behavior of some physical quantities can be described 
only by a seriee of numbers or a graphic curve. For example. 



Fml 31 . Qnyih of air resistance eoefBoient. 

the resistance or drag of the air against a passing object is re¬ 
lated to the speed of the object in a rather complicated way. 
Fart of the relation is called the drag coefficient or reeiatanco 
coefficient; a rough graph of this is shown in Fig. 21. This graph 
shows several interesting facts: (1) when the object is still, thero 
is no air resistance; (2) as it travels faster and faster, air re- 
aistancs rapidly moTeaaee; (8) when the object travels with the 
speed of sound, resistanoe is very great and inareases enor- 
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mously; (4) but^ when the object starts traveling with a speed 
about 20 per cent faster than sound, the drag coefficient begins 
to decrease. This drawing or Effiows in part bow air re¬ 

sistance depends on speed of object; in other words, it shows the 
drag coefficient as a junction of speed (sec Supplement 2). 

Now we need a way of putting any function we wish into a 
differential analyser. To do this, we use a mechanism called a 
jvncHon tabic. We draw a careful graph of the function ac¬ 
cording to the scale we wish to use, and we set the graph on the 



7ia. 38. Folnlef followliig fraph. 

■ 

outfiidG of a large drum (Fig. 22). For example, we can put the 
reeistance coefficient graph on the drum; the speed (or mds- 
pendent variable) goes around the drum, and the resistance co¬ 
efficient (or dependent variable) goes along the drum. The 
machine slowly turns the drum, as may be called for by the 
problem. A girl sits at the function table and watches, turning 
a handwheel that keeps the sitting circle of a pointer ri^t 
over the graph. The turning of the handwheel pute the graphed 
function into the machine. Instead of employing a person, we 
can make one side of tlie graph black, leaving the other side 
white, and put in a phototube (an electronic tube sensitive to 
amount of light) that will steer from pure black or pure white 
to half and half (see Fig. 23). 

We do not need many function tables to put in information, 
becaTise we can often use integrators in neat oombinationB to 
avoid them. We shall say more about this possibility later. 

We oan also use a fimotion table to put out information and 
to draw a graph. To do so, we disconnect the handwheel; we 
connect the shaft of the handwheel to the shaft that records the 
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fonoticm wo are interested in; we take out the pointer and put 
in a pen; and we put a blank sheet of graph paper around the 

drum, 



Fu. 38. Phototube followinc graph. 


We have now deeoribed the main parts of the second MIT 
differential snalyxer. 11107 are the parts that handle numboxo. 
We can now toll the capacity of the differential analyser by 
telling the number of main parts that it holds: 


Shmfta 

Ono-dlglt parboae 
Four-digit gbufoaocee 
Addon 
Integraton 
Funotian toMnn 

On a simpler level, we can say 
physical parts: 

Mlkn of win 

Saleys 

Moton 

Beotroido tuboe 


About 180 

13 

16 

About 10 

IS 

8 

that the machine holds these 


About 200 
About 8000 
About lEO 
About 2000 


INSmUCTINO THE AUT DIFFERENTIAL ANALYZER NO. 2 

Besides the function tables for putting information into the 
machine, diere are three mechanisms that read punched paper 
tape. The three tapes are called the A tape, the B tape, and the 
C tape, From these tapes the machine is set up to solve a 
problem. 

Suppose that we have decided how the machine is to solve a 
problem. Suppose that we know the number of integrators, 
adders, gearboocee, etc., that must be used, and know how their 
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inputs and outputs are to be oonneoted. To carry out the solu¬ 
tion, we now have to put the instniotions and numbers into the 
machine. 

The A ta]3e contains instruotionB for connecting shafts in the 
machine. Each instruction connects a certain output of one type 
of mechanism (Eidder, etc.) to a certain input of another type of 
mechanism. When the maohino reads an instruction on this 
tape, it connects electrically the transmitting angle indicator of 
an output shaft to the receiving angle indicator of another input 
shaft. 

Kow the connecting part of the differential analyser behaves 
as if it were very intelligent: it assigns an adder or an integrator 
or a gearbox, etc., to a new problem only if that mechEmism is 
not busy. For example, if a problem tape calls for adder 3 (in 
the list belonging to the problem), the machine will assign the 
first adder that is not busy, perhaps odder 14 (in the machine), 
to do the work, li^ch time Umt adder 3 (in the problem list) 
is called for In the A tape, the maohino remembers that adder 14 
was chosen and assigns it over again. This ability, of course, is 
very useful. 

The B tape contains the ratios at which the gearboxes are to 
be set. For example, suppose that we want gearbox 4 (in the 
problem list) to change its input by the ratio of 0.2673. The 
maohino, after reading the A tape, has assigned gearbox 11 (in 
the machine list). Tlion, when the machine roads the B tape, 
it sets the ratio in gearbox 11 to 0.2673. 

Tlie answer to a differential equation is different for different 
starting conditions. For example, when wo know speed and 
time and wish to find distance traveled and where wo have ar¬ 
rived, we must know tlie point at wliieh wo started. We there¬ 
fore nocfl to arrange the machine so that wo can put In dif¬ 
ferent starting conditions (or different tnsttal conditiona, os the 
mathematician calls them). 

Tlie C tape puts the initial conditions into the machine. For 
example, reading the C tape for the problem, the machine finds 
that 3000 should, at the start of tho problem, stand in counter 4. 
The mnehino then roads the numlwr at which counter 4 actually 
stands, say G728.3. It subtracts tlio two numbers and romcm- 
bers tho differenoo, —3728.3. And whenever tho maohino reads 



MSASOHINO 


84 

that oounter later, finding, say, D468.4 In it, first the 3728.3 ifl 
Bubtracted, and than the answer 5740.1 is printed. 


ANSWERS 

I 

InfonnatiQn may come out of the machine in either one of two 
ways: m printed numbers or in a graph. In fact, the same 
quantity may come out of the machine in both ways at the 
same time. To obtain a graph, we change a function table from 
input to output, put a pen on it, and have it draw the graph. 

The machine has 8 eleotrio typewriters. The machine will take 
numerioal information out of the counters at high speed even 
while they are turning, and it will put the information into re¬ 
lays. Then it will read fron the relays into the typewriter keys 
one by one while they type from left to right across the page. 


HOW THE DIFFERENTIAL ANALYZER CALCULATES 

'Dp to this point in this chapter, the author has tried to toll 
the story of tiie differential analyser in plain words. But for 
reading this section, a little knowledge of oaloulus is necessary. 
(See also Supplem^ 2.) If you wish, skip this section, and go 
on to the next one. 

We have described how varying quantities, or variableaj arc 
operated on in the machine in one way or another; adding, sub¬ 
tracting, multiplying by a constant, referring to a table, and 
integrating. What do we do If wo wish to multiply 2 variables 
together? A neat trick is to use the formula: 

aetf —Jxdy +jydx 

To multiply in this way requires 2 integrators and 1 adder. 
The oanneotions that are made between them are as follows: 


Oisfte 

Shaft* 

Shmfty 
Shaft y 

Intagrator 1, Wheel 
Integtator 21, Wheel 
Adder 1, OiUpot 


To Intogntor 1, Soraw 
To Integrator IS, Dlso 
To Integrator 1, Dlao 
To Intogrator IS, Serow 
To Addor 1, Input 1 
To Adder 1, Input 2 
Tb Shift ayprceelug ey 
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A product of 2 variables under ths integral sign oan be obtained 
a little more easily} because of the curious powers of the differ¬ 
ential analyser. Thias, if it is desired to obtain j xy dt, we oan 


use the formula: 


r*wdt 



xd 



ydi 


and this oporatiun does not require an adder. The connections 
are as follows: 


Shaft ( 

Shaft IT 

Integrator Ij Wheel 
Shafts 

Intogrator 2, Wbool 


To Integrator Dtso 
To Intogrator 1, Borow 
To Intogrator 2, Diee 
To Intogrator 2, Bonnr 

To Shaft 


In order to get the quotient of 2 variables, x/y^ we oan use 
some more tricks. First, the reciprocal X/y can bo obtained by 
using the two nmuUansotis eguoHont: 



J y 


dCifxy) 



The oonneotionB are as follows: 


Shaft y To Intogrator I, Dlee Aifn to Integrator 2, Wbeol 

Shaft log y To Intogrator 1, Whool and to Integratw 2, Diao 

Shaft X/y To Integrator 1, Borow, and ndgatitnlt to Integrator 2, Borow 

In order to get x/y^ we oan then multiply x by l/y. We see 
that this setup givos us log y for nothing, that is, without need¬ 
ing more integrators or otlior equipment. Clearly, other tricks 
like this will ^ve sin x, cos a;, s', and other functions that 
satisfy simple difforontial oquatiuns. 

An integral of a reoipruoal can be obtained even more direotly. 
Suppose that i 

Then 1 

Diy - - 

X 

The connections tiiorerore are: 

Shaft i To Intogrator, Wheel 

Shaft X To Integrator, Borow 

Shaft y To Integrator, Diao 


DJL 


and 


t 


jxdy 
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The light wheel tiien drivee the heavy disc. Clearly only the 
angle-mdioator device makes this poesible at all. Naturally, the 
oloeer the wheel gets to the center of the disc, that is, x approach¬ 
ing seio, the greater the strain on the moohonism, and the more 
likely the result is to be off. Mathematically, of course, the 
limit of 1/x as x approaches lero equals infinity, and this gives 
trouble in the maohine. 

There ia no standard mathematical method for solving any 
differential equation. But the maohine provides a standard di¬ 
rect method for solving all differential equations with only one 
independent variable. First: assign a shaft for each term that 
appears in the equation. For example, the highest doinvativo 
that appears and the independent variable are both assigned 
shafta The integral of the highest derivative is easily obtained, 
and tlie integral of that integral, etc. Second: connect the shafts 
BO that all the mathematical relations are expressed. Both 
explicit and implicit equations may be expressed. Third: for 
any shaft there must be just one drive, or source of torque. A 
shaft may, however, drive more than one other shaft. Fourth: 
ohoosQ ecaU factore so that the limits of the machine are not 
exceeded yet at the same time are well used. For example, the 
most that an integrator or a function table can move is 1 or 2 
feet. Also, the number of full turns made by a shaft in repre¬ 
senting its variable should be large, often between 1000 and 
10 , 000 . 

Of course, as with all these large machines, anyone would neod 
some months of actual practice before he could put on a problem 
and get an answer efficiently. 


AN APPRAISAL OF THE MACHINE 

The second MIT differential analyser is probably tho best 
m ac h ine ever built for solving most diffej^tial equations. It 
regularly has an accuracy of 1 part in 10,000. This is enough for 
most engineering problems. If greater accuracy is needed, tho 
second differential analyser cannot provide it. Once in a while 
the maohine can reach on accuracy of 1 part in 60,000; but, to 
balance this, It is sometimes less accurate than 1 part in 10,000. 
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The MIT differential analyier No. 2 oan find answers to prob- 
lema very quickly. The time for setting up a problem to be run 
on the machine ranges from 6 to 16 minutes. The time for pre¬ 
paring the tapes that set up the problem is, of course, longer; 
but the punch for preparing the tape is a separate maohine and 
does not delay the differential analyser. The time for the ma¬ 
ohine to produce a single solution to a problem ranges usually 
from 3 minutes to a half-hour. It is easy to put on a problem, 
run a few solutions, take the problem off, study the results, 
ohonge a few numbers, and then put the problem back on again. 
This virtue is a great help in a search in a new field. Wliile the 
study is going on, time is not wasted, for the msiohine oan be 
busy wiUi a different problem. 

Running a problem a second time is a good check on the re¬ 
liability of an answer. For, when the problem is run the second 
time, we oan arrange that the machine will route the problem to 
other meohanisms. 

The macldne has a control panel. Here the op>erator watch¬ 
ing the machine oan tell what unite arc doing what parte of what 
problems. If a unit gives trouble or needs to be inspected, the 
clerk can throw a ‘'busy” switch. Then the machine cannot 
choose that unit for work to bo done. The maohine contains 
many protecting signals and alarms. It is idle for repairs less 
than 6 per cent of the time. 

It is not easy to determine the total cost of -the maohine, for 
it was partially financed by several large gifts. Also, much of 
the labor was done by graduate students in return for the in¬ 
struction that they gained. The actual out-of-pocket coat was 
about $126,000. If the machine wore to bo built by industry, 
the cost would likely bo more than 4 times as much. A simple 
differential analyser, however, can be cheap. Sraall-acale dif¬ 
ferential analysers have been built for less tliun $1000; their 
accuracy has been about 1 port in 100. 

There arc many things that this machine cannot do; it was 

not built to do them. (1) It cannot choose methods of solution. 

■ 

(2) It cannot iicrfonn steps in solving a problem Umt depend 
on results as they arc found. (3) It cannot solve differential 
equations containing two or more independent variables. Such 
equations are called partial difjerenliai equations; tboy ap|)oar 
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in oatmeoUoQ with tlie flow of beat or air or eleotrioity in 2 or 
S dimenflloau, and elBowhere. (4) It oazmot eolve problems re¬ 
quiring 0 or more digits of accuracy. (6) The machine, while 
running, can store numbers only for an instant, since it operates 
on the principle of smoothly changing quantitiee; however, when 
the machine stops, the number last held by each device is per¬ 
manently stored. 

Nonr of these comments, however, are critioiams of the ma- 
ohina Costead they show avenues of development for future 
maohinea. As was said before, for solving most differential equa¬ 
tions, this machine has no equal to date The range of problems 
which any differential analyser can do depends mostly on the 
number of its integrators. The second differential analyser has 
18 and pinvides for expansion to 30. The machine is constructed, 
also, so that it can be operated in 8 independent seotionB, each 
woridng to solve a different problem. The differential analyser 
can operate unattended. After it has been set up and the fliwt 
few leeulta examined, it can be left alone to grind out large 
blocks of answers. 

An interesting example of the experimental use of a differen¬ 
tial analyser in a commercial business is the following: In Great 
Britain, E. E. Beard of the Pearl Assurance Company built a 
differential analyser with 6 integrators. He applied tliis ma- 
ohinc to compute to 3 flgures oeitain insurance values known as 
conftnuotM onniitfitt and emtimum contingent msurancss. He 
has described the machine and the application he made in a paper 
published in the Journal of the Inetitnte of Actuaries, Vol. 71, 
1943, pp. 198-227. 
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ACCURACY TO 23 DIGITS: 

HARVARD'S IBM AUTOMATIC SEQUENCE-CONTROUED 

, CALCULATOR 


One of the Arab giant brains to be finished was the machine 
in the Computation Laboratory at Harvard University oalied the 
IBM Automatic 8equenc6~ControUed Catculator. This great 
mechanical brain started work in April 1944 and has been run¬ 
ning 24 hours a day almost all the tune ever since. It baa pro 
ducod quantities of information for the United States Navy. 
Although many problems tliat have been placed on it havo been 
classified by the Navy as confidential, the machine itself is fully 
public. The way it was working on Sept. 1, 1945, has been 
thoroughly described in a 640-page book published in 1946, 
Volume I of the Annals uf the Harvard Computation Labora¬ 
tory, entitled Manual of Operation of the Automatic Sequence^ 
Controlled Calculator. Since then the macliine has been im¬ 
proved in many ways. 

This machine docs thousands of calculating stops, one after 
another, according to a scheme fixed ahead of time. This prop¬ 
erty is what gives the macliine its name: automatiCf since the 
individual operations arc automatic, once the punched tape fix¬ 
ing the chain of operations has been put on the machine, and 
aequence-controlled, since control over the sequence of its opera¬ 
tions has been built into the machine. 

ORIGIN AND DEVELOPMENT 

More than a hundred years ago, on English mathematician and 

actuary, Charles Babbage (1792-1871), designed a mooiune—or 

80 
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en^iM as he called it— that would oany out the sequences of 
xnathematioal operations. In the 1830's he received a govern* 

ment grant to build an analytical engine whereby long chains of 
oaloulationa could be performed. But he was xinsuccessfuli be¬ 
cause the refined physical devices necessary for quantities of 
digital osJoulatioa were not yet developed. Only in the 1930^8 
did these physical devices become sufficiently versatile and re¬ 
liable for a calculator of hundreds of thousands of ports to be 

BDOOSBSfuL 

Ths Automatio Sequence-Controlled Calculator at Harvard 
was largely fhe concept of Professor Howard H. Aiken of Har¬ 
vard. It was built through a partnership of effortSj ideoSj and 
enj^eering between him and the International Business Ma¬ 
chines Corporation, in the years 1937 to 1944. The calculator 
was a gift from IBM to Harvard University. Borne very useful 
additional control units, named tlie jSuhndiort/ Sequence Mech^ 
an£am, were built at the Harvard Computation Laboratory in 
1947 and joined to the machine. 

GENERAL ORGANIZATION 

The machine (see Fig. 1) is about 60 feet long, 8 feet high, 
and about 2 feet wide. It consists of 22 panels; 17 of them Ski'o 
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Fia. 1. Boheme of HarvHrd IBM Automatio Soquenoe-Controltod Calculator. 

set in a straight line, and the last 6 are at the rear of tho ma¬ 
chine. In the scheme of the machine shown in Fig. 1, the do- 
toils you would see in a photograph have been loft out Instead 
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yoa see the aeotions of the machine that are important because 
of what they do: input, memory, control, and output. Why do 
we not Bee a eection labeled ^'computer'’ 7 Because in this me¬ 
chanical brain the computing part of the maohine is closely 
joined to the memory: every storage register can add and sub¬ 
tract. We shall soon discuss these sootions of the machine more 

fully. 

PHYSICAL DEVICE 


Now in order for any brain to work, •phydcal devices must be 
used. For example, in the human body, a nerve is the physical 
device that oarrios information from one part of the body to 
another. In the Harvard maohine, an insulated wire is the 
physical device that carries information from one part of the 
machine to another. One side of every panel in the Harvard 
machine is heavily laden with a great network of wires. Be¬ 
tween the panels, you can see in many places cables as thick as 
your arm and containing hundreds of wiroe. More than 600 
miles of wire ore used. 

The physical devices in the Harvard machine are numerous, 
as we would expect. It is perhaps not surprising that this ma¬ 
chine has more than 700,000 parts. But, curiously enough, there 
are only 7 main kinds of physical devices in the major part of 
the maoluno. They are: wire, Iwo-ponfum switche*, fwo-posi- 
ften relays (see Chapter 2), ten^posilion nviteheH, ten-poeirion 
relays, btUtoTiSf and cam contacU (see below). These arc the 
devices that handle information in the form of electrical im¬ 
pulses. They can be combined by electrical circuits in a groat 
variety of ways. Thoro ore, of course, tithcr kinds of physical 
devices that aro important, but Uioy are nob numerous, and tlicy 
have rather simple duties. Looking at tho mocliine, you can see 
throe examples cosily. Physical devices of tlio first kind con¬ 
vert punched holes into electrical impulses: 2 card /esds, 4 tape 
jeeda. Those of the second kind convert olcotrioal impulses into 
pimchod holes: 1 card punch, 1 tape punch. Those of tho third 
kind convert olectrical impulses into printed charaoters: 2 elec¬ 
tric typewritere. Wo can think of a fourth kind of physical de¬ 
vice that would be a help, but, at present writing, it docs not 
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yet exists & device 'bbst oonveirtB printed obsTfipOters Into elBO~ 
trioal impuises. 

The Harvard maohinej of ooutbo, is oomplicated. But it is 
oomplioated because of the variety of ways in which relatively 
giTinpl ft devioes have been oonneoted together to malce a machine 

that thinkft. 


Switches 

A tw(h-potUioti switch (see Fig. 2) turned by hand oonneots 

a wire to either one of 2 others. These 2 positions may stand 

for “yes” and “no,” 0 and 1, etc. There 

are many twe^position switobee in the 
maobine. A tsiP-positicn switch or dial 
switch (see Fig. 8) turned by hand oon- 
Pm, 3, Two'poation neots the wire running into the center of 

the switch with a wire at any one of ton 



positions 0, 1, 2, 8, 4^ 6, 6, 7, 8, 9 
around the edge. There are over 1400 
dial Bwitohes in the maohine. How 
does turning the pointer on the top of 
the'dial moke connection between the 
center wire and the edge wire? Under 
the face of the dial is the part that 
worlm, a short rod of metal fastened 
to the pointer (shown with dashes in 
Fig. 3). When the pointer turns, this 
rod also turns, making the desired 
oonneotion. 



Tia. 3. Dial Bwitoh. 

Relays 

Two^position relays —more often called just relays (see Chap¬ 
ter 2)—do the autoznatio routing of the electrical impulses that 
cause computing to take place. Each relay may take 2 posi- 
tionB, open or closed, and these positions may stand for 0 and 1. 
There are more tlian 8000 relays in the Harvard maohine. 

A magnet polling one way and a spring pulling the other way 
are sufficient in an ordinary relay to give 2 positions, “on” and 
”off,” “yea” and “no,” 0 and 1. But how do we make a relay 
that can hold any one of 10 positions? Figure 4 shows one 
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Bobeme for a ten^^>omHon relay. The am oan t^e any one of 
10 pOBitions, oonneoting tho contact Common to any one of the 
oontaotfl 0, 1, 2, 8, 4, 6, 0, 7, 8, and 9 bo that cuirent oan flow. 
The gear turns all the time. When an Impulse comes in on the 
Pickup line, the clutch connects the arm to the gear. When an 
impulse comes in on the Drop-out lino, the clutch disconnects 



Via. 4. Soheme of a tan-pomtiaii relay, or ooanter podttoii. 


the arm from the gear. For example, suppose that the ten- 
position relay is stopped at contact 2, as shown. Suppose that 
we now pick up the relay, hold it just long enough to turn 3 
steps, and then drop it out. The relay will now rest at contact 6. 

In the Harvard machine, the ten-posit! on relays, much like the 
scheme shown, do the same work oa counter wheela (Fig. £) in 
an ordinary desk calculating machine, and so they 
are often spoken of as counter positunu in tho Har¬ 
vard machine. They are very useful In the machine 
not only heonuse they express tho 10 decimal digits 
0, 1, 2, 3, 4, 6, 6, 7, 8, 0 but also because adding 
and Bubtraeting ntimbers is aecomplishcd by turn¬ 
ing them through tho proper number of steps. In 
foot, on additional impulse is provided when tho 
oountcr position turns from 9 to 0, for purposes of 
carry. A grf)up of 24 oountcr positions makes up 
each storage counter —or storage regialer —^in the 
machine. There aro 2200 of those ooiintor positions. Faoh is con¬ 
nected to a continuously running gear on a Eimall shaft (Fig. 0). 
All these shafts arc oonneeted by other gears and shafts to a 
main drive shaft, and they aro driven by a S-horsepower motor 
at tho back of tho mochino. When a counter position is sup¬ 
posed to stop, a clutch oonnoots the drive to tho running gear, 



Fia. B. 
Soheme of 
a countor 
wheel. 
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and the oounter position steps. When the counter position is 
supposed to stay unohongod, the clutch is disconnected and the 
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Mvliegam 

Fio. 6. Scheme of ooimter 10. 


driving gear runs free. In faot| when you first approach the 
Harvard maehinei about the first f-hiTig you are aware of is the 
running of these gears and the intermittent whirring and oliok- 
ing of the counter positions as they step. The machine gives a 
fine impression of being busy I 

Timing Contods 

A. button (see Fig. 7) is a device for cloeing an olootrio oirouH 
when and only when you push it. A simple example is tho 




Fm. 7. Button. 



Fio. 8. Cam, with 6 lobes and con- 

taot. 


button for ringing a bell: you push the button, a circuit is cloeed, 
and something happens. When you let go, the circuit is opened. 
The Harvard machine has a button for starting, a button for 
stopping, and many others. 
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A cam contcust (see Fig. 8) is an automatio device for oloelng 
an elootrio oirouit for just a short interval of time. When the 
lobes on the cam strike the oontaot, it oloses and current flows. 
When the lobes have gone by, the spring pushes open the oon¬ 
taot, and no current flows. Just as a two-position relay is the 
automatio equivalent of a two-position switch, and a ten-position 
relay is the automatio equivalent of a ten-position switch, so a 
cam contact is the automatio equivalent of a button. 

All the cams in the machine have 20 pockets where small 
round metal lobes may or may not be inserted. Each cam makes 
a full turn onoe in of a second and is in time with all the 
others. Thtis we can time all the electrical circuits in the ma¬ 
chine in units of ^oo & second. 


NUMBERS 

Numbers in the machine regularly consist of 23 decimal digits. 
The 24th numorioal positicm at the left in any register contains 
only 0 for a positive number and only 9 for a negative number, 
^incs complements (boo Supplement 2) are used for negative 
numbers. For example, —00284 is representcxl as 909716, sui^ 
pnsing Uiat we had 6-digit numbers instead of 23-diglt numbers. 
The sum of two nines complements is automatically oorrootod so 
that it is still a correct nines complement. The device tliat ao- 
eomplislies this is called end-around-carry (see Supplement 2). 
The decimal point is fixed for each problem; in other words, in 
any problem, the decimal point is consistently kept in one place, 
usually between the 16th and 16th decimal columns from the 
right. 


HOW INFORMATION GOES INTO THE MACHINE 

Numorioal information may go into the inacliino in any one 
of 3 ways: (1) by regular TBM punch cnnls, using standard 
IBM cord foods (panel 10); (2) by hand-sot dial switches 
(panels 1,2); and (3) by long loot^s of punched tape placed on 
the value taix! foods (panels 12 to 14). Tliroo sets of 24 colimuiB 
each punchwl on a regular IBM punch card can be umkI to send 
3 numbers and Uioir signs into tlio machine in one machine cycle. 
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Thlfl ia ihd fastest way for giving numbers to the machine, but 
the most limited; for the cards must be referred to in order and 
can bo referred to automatically only once. Also, there is the 
risk that they may be out of order. A card may bo passed 
through the machine without reading; this saves some eortlng in 
preparing cards for the machine. Machines for preparing the 
cards ore regular IBM key punches, and machines for sorting 
them after preparhtion are regular IBM card sorters. 

In panels 1 and 2 there are 60 registers by which unohan^ng 
numbers like 1, or 8.14169266 * *', or 7.66 may be put into the 

machine. These are called 
the constant rsgistors. Saoh 
constant register oonsists of 
24 dial switches and contains 
23 digits and a sign, 0 if posi¬ 
tive and 9 if negative. When¬ 
ever the mathematician says 










01 Z145A7t9 

Teo. 9. Tshte tape oode. 


a oertain oonstont is needed for a problem, the operator of the 
maohine walks over to these panels, and, while the maohino is 
turned off, sets the dial swHohes for the number, one by one, by 
hand. If we need 40 constants of 10 digHs each for a problem, 
then the operator sets 400 dial switches by band and makes cer¬ 
tain that the remaining 14 switches in each of the 40 constant 
registers used are either at 0 or 9, depending on the sign of tho 
number. Only then con he return to start the maohine. 

The third means by which numerioal information can be put 
into the machine is Ihe valus^tape feeds, in panels 12, 13, and 
14. Here the maohine can consult tables of numbers. The num¬ 
bers ore punched on paper tape 24 holes wide, mode of punch- 
card stock. Tapes for the value-tape feeds may be prepared by 
hand or by the maohine itself using pxmob cards or maohine cal¬ 
culation. The tapes use equally spaced arguTnents (see Sup¬ 
plement 2), The tape punoh changes the decimal digits in its 
keyboard into the following punching oode (see Fig. 9): 


0 

0000 

6 

1100 

1 

1000 

0 

1010 

3 

0100 

7 

1001 

8 

0010 

8 

0110 

4 

0001 

0 

0101 
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Here the 1 denotee a punched hole and 0 no pimohed holOi and 
the 4 ooluinnB from left to right of the code correspond to 4 rows 
of the paper tape from bottom to top. To make sure the value 
tape is correotj the machine itself can read the value tape and 
check it mathematically or compare it with punch-card values. 

HOW INFORMATION COMES OUT OP THE MACHINE 

Information comes out of the machine in any one of three 
ways: (1) by punching on IBM cards with a regular IBM card 
punch that is built into the machine (panel 17), (2) by typing 
on paper sheets with electric ty]>ewriters (panels 16 and 17), and 
(3) by punching paper tape 24 holes wide of the same kind as 
is fed into the machine. 

Usually, one of the electric typewriters is used to print a re¬ 
sult for a visual check and to print it before the machine makes 
a specified check of the value. Then, about 10 seconds later, 
after the result has been ohocked os specified in the machine, 
the chocked result is printed by the second typewriter. In the 
second typewriter, a special one-use carlxm ribbon of paper is 
used to prfxluoe copy for publication by a photographic process. 

Tlio card punch writes a number more rapidly than an oleotrio 
typoAvritcr. This extra speed is sometimes very useful. How¬ 
ever, the punch's chief purpose is to record intcjmediato rosulta 
on punch cards. Then, if there is a machine failure, and if the 
problem has Iwen well organiaod, the problem may ho run over 
from these intermediate results, instead of requiring a return to 
the original starting information. The tape punch used for pre¬ 
paring taiMJ by hand can also be operated by cable from the 

macliine. 

HOW INFORMATION IS HANDLED IN THE MACHINE 

The machine is a mechanical brain. So, between taking in 
information and putting out information, the machine docs some 
“thinking.'’ It docs tliis thinking aooording to instmotiona. The 
instructions go into tho machine as: (1) the setting of switches, 
or (2) the pressing of buttons, or (3) tho wiring of plugboards, 
or (4) feeding In tape punched witli holes. The instructions are 
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TQmenabGTod in tli6 znaohinB in these 4 waysi ftnd we oah o&ll 
these sets of devices the control of thR maoliine. 

To illuBtrate: One of the buttons pressed for every problem is 
the Start Key: when you press it, the machine starts to work on 
the problem. One of the switches with which you give instruo- 
Uons is a switch that turns electric typewriter 1 on or off. One 
of the plugboards contains some hubs by wliich you can toll the 
machine how many figures to choose in the quotient when di** 
viding^ for clearly you do nob need a quotient of 23 figures every 
time the machine divides. You can have 6 ohoicee in any one 
problem; you can specify them by plugging, and you can call 
for any one of 6 ohoioes of quotient siie from time to time dur^ 
Lng the problem. In many oases, when we wish the machine to 
do the same thing for all of a single problem and do it whenever 
the occasion arises, we can put the instruction into the wiring of 
a plugboard. We use plugboard wiring, for example, in fixing 
the decimal point in multiplication, so that the product will 
read out properly, and in guiding the operation of the type¬ 
writers, BO that printing will take place in the columns where 
we want it. 


Ssqiwnca of Stops 

The moat important part of the control of the machine is the 
saguencc-tope feed and its aeguenee-eorUrol tape. These toll 

o o o o o • • olo o o o o • • o 
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Vk. 10. Sequeoce-oontrol tape oodo. 

the machine a great part of what operations are to be performed. 

At the end of the room where the machine is, tlioro is tlio spe¬ 
cial tape punch mentioned above. It holds a big spool of card 
stock that is thin, flexible, smooth, and tough. With one key¬ 
board we may prepare value tape. With another keyboard we 
prepare the sequence-control tape. The tape (see Fig. 10) oon- 
tsins places for 24 round punched holes in each row. Some and 
only some of these holes are punched. Sach row of punchod 


OfMnilfMM" 
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holes ia equivalent to an instruction to the machine and ia called 
a line of coding or codtn^ 2^. In general, the instruction has 
the form; 

Take a number out of He^^ter A; put the number into 
Hepster B; and perform operation C. 

The first group of 8 holoe at the left is called the A field or the 
out~field. Here yre toll the machine where a number is to be 
taken from. The middle group of 8 holes is called the B field or 
the in-field. Here we tell the mochino where a number Is to be 
put. The last group of 8 holes is called the C field or the mu- 
eeUaneoua field. Here we tell the machine part or all of the 
operation that ia to be performed. 

To illustrate (see Fig. 10), we have holes 3, 2, 1 punched in 
the A field, holes 3, 2 punched in the B field, and hole 7 punched 
in the C field. Now 321 is the code —or machine language, or 
machine call number—for storage counter 7; 82 is the code for 
storage counter 6; and 7 in the C field is the code (in this case, 
and generally) for “Add, and road the next line of coding.’* So, 
if we punch out this lino of coding and put the tape on the ma¬ 
chine, wo tell the machine to road the number in counter 7, add 
it into counter 6, and proceed to the next line of coding and 
read that. 

Tlio holes in each group of 8 holes from loft to right are num¬ 
bered; 8, 7, 6, 6, 4, 3, 2, 1. The code 031, for example, means 
that holes 6, 3, 1 arc punched and that no holes are punched at 
8, 7, 6, 4, 2, Since it is more natural, the code is read from left 
to riglit, or 031, instead of from right to loft in tho sequence 136. 

The devices in the machine have in-codes j usod in tho in-field, 
and otit~codes, used in tlic out-field. For each of tho 72 regular 
storage counters, tho in-codc and tho out-oodo aro the same. 

Tho first 8 storage counters havo the codes 1, 2, 21, 3, 31, 32, 
321, 4, 41; the last 2 storage counters, the Tlst and tho 72nd, 
havo tho codes 7321, 74. 

Tlic constant registers—often called constant switekee, or just 
svntchea —naturally havo only oiit-oodcs, since numbers can bo 
entered into tho constant rogiators only by setting dial switches 
by hand. Tlic first 8 constant registers have the out-codca 741, 
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743, 7421, 743, 7431, 7432, 74321, 76, and the 60th and 60tb oon- 
Btsmt rogiBten have the oiit-oodee 821, 88. 


Transfvrrtng^ Adding, and Clearing 

!Baoh storage counter has the property that any number trana- 
fea:Ted into it is added into it. For example, the instruction 

TEike the number in switoh 741; transfer it into storage reg¬ 
ister 321 


is ooded: 


741, 821, 7 


The 7 in the third column is an instruction to the sequence tape 
feed to turn up to the next coding line and read it. If any 
ninnhor is already stored in register 321, the content of 741 will 
be added to H, and the total will then be stored in 321. 

Resetting or olearing a regular storage register is aocomplished 
by a coding that is a departure from the usual scheme of ''out” 
and "in.” The instruction 


Clear register 321; read the next coding line 


is coded: 


321, 821, 7 


Bhnilorly, you can clear any other regular storage register if 
you repeat its oode in the out- and in-flelds. However, a fow of 
the storage reguters in the machine have special reset codes, and 
these may occur in any of the three fields A, B, C, 

As the result of a recent modifioatiou of tlio machine, you can 
eaenly double the number in any storage register. For example, 

the instruotion 


Double the number in register 321 j read the next coding line 


is coded: 


321, 321, 743 


■ 

Subtracring 

If the nuniber in switch 741 is to be Bubtr&cted from the 
number in E^toi'ago counter 321, the instruction is changed into: 

7ake the negative of the number in switch 741 j transfer it 
into storage register 321, read the next line of coding 
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lot 

The coding line becomes: 

741, 321, 732 

By putting 82 in the C field, we cause the number in switch 741 
to be subtracted from whatever number is in register 321. 

We have 2 more choices in adding and subtracting. The value 
of the number wiUiout regard to sign—^in other words, its abso¬ 
lute value (see Supplement 2)—^may bo added or subtracted. The 

instruction 

Add the absolute value of 
is expressed by a C field code 2, and the instruction 
Add the negative of the absolute value of 
is expressed by a C field code 1, 


Multiplying 

When we wish to multiply one number by another and get a 
product, we have 3 numbers. We tell tho machine about each 
of these numbers on a separate lino of coding. Multiplication is 
signaled by sending a number into the muilipUcand counter. 
The multiplicand countor has an in-code 761. If the multipli¬ 
cand is in 321, tho instruction is; 


Take tho number in 321; enter it as multiplicand; read the 
next coding lino 


The coding is: 


321, 701, 7 


On tho third fnllowing coding lino, the multiplier is sent into the 
tnultiplier counter. If tho inultiplior is in switoli 741, tho in¬ 
struction is: 


Tako Uie number in 741; ontor it os multiplier; rood the 
next coding lino 


Tho coding is: 



Wo do not punch anything in the middle Acid: tho machine is 
“odueated” and '‘knows’’ that it has started a multiplication and 
needs a multiplier, and it ox]iocts this multiplier in tho third 
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coding lino. To have no code for the multiplier counter ia, of 
oouTBO, a departure from the general mle, but it eaves some 
punohing and permits the use of this space for certain other 
oodee, thus saving some operating time. 

*We need nob canfuse the 761 in-code fat the multiplicand 
oounter with the 761 out-oode, which happens to be the out-oode 
of the 36th constant register, because neither can occur in Uie 
other's field. We may, of course, use otlier registers besides 331 
and 741 for supplying the multiplicand and multiplier. 

To get the product and put it into any storage oounter D, we 
use two lines of coding one right after the other: 

— — 6421 

8761 D — 

The product counter has the out-oode 8761. When the product 
is desired, it is balled for, transferred into counter JD, and the 
multiplication unit is automatically cleared. Tt takes time, 
however, for the machine to perform a multiplication. Tliat is 
the reason for the preceding coding line and the 6421 in the C 
field. While the multiplication is going on, wo can instruct the 
machine to do other things that we want done. We can insert 
or interpose coding lines in between the multiplier lino and the 
produot line. For example, if we have a multiplier of 10 digits, 
we can insert 8 coding lines and maybe more. The 6421 code 
easentisUy tells the machine to finish both the multiplication and 
the interposed instructions, and, as soon ns the lator one of those 
two tasks is finished, to transfer out the produot to counter Z). 

"Dp to the middle of 1046, the wiring of the mncliino was a 
little different and less convenient. When the product was ob¬ 
tained by the multiplication unit, it had to be aoooptcd and 
transferred at once into one of the 72 storage registers. 

Dtvfdtng 

Division is called for by first sending the divisor into the 
divwor cotmfsr, and this has a code 76 in the B field. If the 
divisor is in counter 321, the instruction may be: 

Take the number in 321; enter it as divisor; read the next 
coding line 
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Tbo ooding will then be: 

321, 76, 7 

Three coding lines later, the dividend is called for, and the ood> 
ing, if the dividend is in switch 7431, is: 

7431, —, 7 

We can send the quotient, when ready, into any desired counter 
Q by the following two lines of ooding: 

— — 642 

870 Q — 

In the same way as with multiplication, we can insert a number 
of coding lines in between the dividend line and the first quo> 
tient line. 

Both multiplication and division are carried out in the same 
unit of the machine, tho muUiply-divide unit. The machine fi.rst 
constructs a table of tho multiples of tho multiplicand or divisor: 
1 times, 2 times, 3 times, * * *, 9 times. In multiplicatian tills 
table is then used by sclocting multiples aooording to the digits 
of tho multiplier one after anotlior. In division the table is used 
by comparing multiples of tho divisor against tho dividend and 
Buooesaive remainders, finding which will go and which will not. 
Since tho numbers in tho machine arc normally of 16 to 23 digits, 
any particular multiple will be used, on tho average, soveral 
tunes, and so this process is relatively cflicicnt. Actually the 
multiplicand and tho divisor go into the stuno counter. Division, 
however, has tho code 70 and multiplication tho code 701, and 
BO tho (lirTcronco is ossentiiilly on oticration code not in the 
third or C field. 

Consulting a Table 

When wo di*8ire tho machine to consult a table of values (i.e., 
a jimclion —see Supplement 2), wo punch tho table with its 
argiuncnts and function values on a tape, and wo put tho tape 
on a valuo-taiic fcotl meclinniHiii. Tho instruction to tho raa- 
ohino may bo: 

Take the number in register A; find the value of the fuiio- 
tion fur this nuiiilicr, and enter it in register H. 
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104 

Tha coding is: 


— 

— 

78 

A 

TOM 

61 

— 

— 

702 

— 

— 

643 

— 

— 

75431 

841 

7054 

— 

A 

768 

6421 

8763 

B 

78 


8763 

7 


Witiiout explaining this coding line by line, we can say that this 
is what happens: 


The machine reads the argument in register A. Tho ina- 
chine roads the argument in the table at which the value- 
tape feed is resting. 

It subtracts them, and thereby determines how far away 
the desired argument is. 

The machine then turns the tape that required distance. 

It checks that the new argument is the wanted argument. 

It reads the value of the function entered at that point on 
the function tape. 


Selecting 

There is a storage counter in the machine that is called 
seltetion counter. The selection counter is counter 70 and 


code 


storogo 


counter and, in addition, one extra property: depending on tho 
sign of the number stored in the selection counter, it is 
to select whether some other number shall be treated n( 


or negatively. 


words 


machine may take place either positively or negatively 
number stored in the selection counter is positive or nega 


five, respectively 
For example, suppose that x is the 
counter. Buppoee that y is the number 

Suppose that s is the number in ooun 
lue ihe coding: 


Suppose 
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What we get in because of the 7432 in the third or C fleld^ 
is f plus y if X is positive or sero, and i minus v if x is negative. 
In the language of the algebra of logic (see Chapter 0 and Sup¬ 
plement 2), where T(. . .) is '^e truth value of . . . the 
number in b equals: 

s + y*Tix ^ 0) — y-T(x < 0) 

(The nines complement of 0, namely 009 • * • 0 to 24 digits, is 
treated by the machine as negative.) 

Why do we need an operation like this in a mechanioal brain? 
Among other reasons, what we wont to do with a number, in 
matliematics, often depends on its sign. It may happen that a 
table is, for negative arguments, the negative of what it is for 
positive arguments; in other words, Fi~x) -= —Ft*). This is 
iaue, for instance, for a table of cubes ( F(a;) es ) or for a tabic 
of trigonometric tangents (see Supplement 2). If so, we cer¬ 
tainly do not want to take the time and troublo to list the whole 
table. We put down only half Uie table and Uien, if 2 is negative, 
use the negative of the value in the tabic. In order to apply 
such a time-saving rule when using the machine, we need the 
selection counter or its equivalent. 

Checking 

Tliorc is another special counter in tho machine that is called 
the check counter. It also has all the proi>ortics of an ordinary 
storage ftountcr and, in addition, tme extra prtiperty: If tho sign 
of the number stored in tlio chock counter on a certain coding 
lino is negative, then on tho next coding line the machine may 
bo stopped. In other words, suppose that the check counter 
stores a certain bolcrnnoo t. Suppose, under the instructions we 
give UiG machine, that it calculates a ])ositivo number x that 
ought to be loss than this tolcrnDoo. Suppose tliat aomdtliing 
may go wrfing and that x actually may bo greater than t. Then 
we pub a eliock into our instructions. Wo tell tho machine: 

When you have found Xt subtroot it from t. 

If t)m result is positive, go aliood. 

If tho result is negative or lero, stop! 
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Hero is the ooding. Suppose that the tolerance f is in switoh 
761. Suppose that the number to be checked is in counter 
4321. Then the inatruotionB and coding are: 

Oaar tbo ohsek ooimter — — 7 

Fat In tho failemnoe, from switoh 761 761 74 7 

Bubtrut tho abeolate value of the nombor to bo 

obeokcKl 4331 74 71 

Stop, O Moabanioel Bmin, If your result be no^tlvol — — 64 

An operation like this is very UBcful in a mechanical brain. It 
enables the calculation to be interrupted if sometliing has gone 
urrong. Of course, other operations of checking besides this one 
ore used—for example, inspecting for reasonableness tlie results 
printed on typewriter 1. 

Other Operotio m 

Them are other operations in the machine. There are two 
pairs of storage registers that can be coupled together so that 
we can handle problems requiring numbers of 46 digits inatflnri 
of 23. Registers 64 and 66 con be coupled, and registers 68 and 
60 can be coupled. There is another storage counter, No. 71, 
that has on extra property. We can road out tlie number it 
holds times 1, or times 10^*, or times 10~^*, as may be called for. 
As a result of this counter, wo con do problems roquiring 144 
registers storing numbers of 11 digits each, instead of 72 reg- 
bters storing 23 digits each. Bigger statistical problems can bo 
handled, for example. 

There are some minor sequences of operations, or etibrotUinea, 
that can be called for by a single code. The subroutine may bo 
a whole set of additions, subtractions, multiplications, divisions, 
and choices, having a single purpose: to compute some number 
by a prooeaa of rapid approximation (see Supplement 2). Tlicro 
ore built-in subroutines for 8<nne special mathematical functions: 
the logarithm of a number to the base 10, the exponent.ial of a 
number to the base 10, and the sine of a number. (See Supplo- 
raent 2.) 

There are eiIbo 10 changeable subroutines, each of 22 coding 
lines, which can be called in, when wanted, by the main 
sequence-control tape or by each other. These subroutines con¬ 
stitute the Subsidiary Sequence Mechanism, and arc extremely 
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usefuJ. They have A, and C flelda juat like the main ae- 
quenoe oontroli but they are given information by plugging witli 
short lengths of wire instead of by feeding punched paper tape. 


RAPID APPROXIMATION FOR A LOGARITHM 

Tip to this point in this chapter the author has tried to tell 
the facts about tho Harvard machine in plain words. But for 
reading this section, a little knowledge of calculus is nocessary. 
(Bee also Supplement 2.) If you wishf skip this eeotion and go 
on to the next one. 

What is the process that tlie machine uses to compute any 
desired logarithm to 23 digits? Suppose that we take for an 
example the process by which the machine computes logu 
49.3724. Wo choose a 6-digib number for simplioiby; the ma- 
obinc would handle a 23-digit numbor in tho same way. Tlie 
process uses 2 fundamental equations involving the logarithm: 
the sum relation ^ 


log (o*6*c* • log o H- log b + log e* • • 


and tho sorics relation 


log* (I + /») 





h* 

3 



Ul < 1 


Tho error in this series is less Uion the first neglected term. 
Now, tho inachino shmm tho baso 10 Ingnritlims (to 23 decimal 
places) of the following 30 numbers: 


1 

1.1 

I.OI 

1.001 

3 

1.2 

1.02 

1.002 

0 

• t # 

1.0 

■ I ft 

1.00 

1.000 


First, the numbor 49.3724 is cxninincHl in a counter called the 
JvO(;on7hm-7n-0Mf rouftter, ancl tho position of the decimal point 
is dctorminwl, giving the rharartorintic of the logarithm. Tlie 
number 49.3724 has the rliaraeteriRtie 1. Next, 4 succesaivo di¬ 
visions arc performed, in whieli tho 4 divisors arc (1) the first 
digit of the niiinber, (2) the first 2 digits of the quotient, (3) tlie 
first 3 digits of the next quotient, and (4) the first 4 digits of 
the Rid iseq lien t quotient; thus. 
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4.98724 

4 

1.23481 

1.2 


1.28431 

1.02800 


1.02800 

1.02 


1.00843 


1.00843 

-- 1.00043 

1.008 


Far aimplioity we have kept only 6 digitB, althou^ the maohlne, 
of oouTse, would keep 23. It is interesting to note that the ma¬ 
chine is able to sense digits and thus deteimine the 4 divisors; 
this 33 an arithmetical and numerical process and one that can¬ 
not be done in ordinary algebra. We now have: 


logio 49.8724 — 1 + logic 4 4- logic 1-3 + logic 1-03 + 
logic 1.008 + logic 1.00043 
To compute logic 1.00043 to 21 decinialB we use 

ogioe • 2 8 4 5 6/ 

with h M 0.00043. Only 6 terms of the series relation are needed. 
For, the error is less than A''/7, which is lees than 10~^^/7, sinoo 
h < 1/1000. The machine uses the series relation in the form 

logic (1 + A) ■■ {([f(ceA + C6)A + CijA + cdA + Ca)^ + ci|A 

where Ci Af, cj “ cg " Af/3, • ■ and M — logic « 

K 0,434294' >'. The 6 values of the c^s ore also stored in tlie 
machine. When any logarithm is to be computed, the sum of 
the characteristio, of the 4 logarithms of the successive divisors, 
and of the first 6 terms of the series ralation gives the logarithni. 
The marimum time required is 90 seconds. 


AN APPRAISAL OF THE CALCULATOR 

The IBM Automatic Scquenoe-Controlled Calculator at Har¬ 
vard is a landmark in the development of machines that think. 
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Its capacity lor many problems for which it la suited is far be¬ 
yond the capacity of a hundred human oamputers. 

Speed 

The time required in the machine for adding, subtracting, 
transferring, or clearing numbers is of a seoond. This is the 
time of one machine cycle or of reading one coding line. Mul¬ 
tiplication takes at the most 6 seconds, and an average of 4 see- 
onda. Division takes at the most 16 seconds, and an average of 
11 seconds. Each, however, requires only 8 lines of coding, or 
%o of a second^a attention from the sequence mechanism; inter¬ 
posed operations fill the rest of the time. To oaloulate a lo^- 
rithm, on exponential, or a sine to the full number of digits ob¬ 
tainable by means of the automatio subroutine takes at the most 
00, 66, and 60 seconds, respectively. To get three 24-digit num- 
hsrs from feeding a punch card takes % second. To punch a 
number takes from ^ second up to 3 seconds. To print a 
number takes from 1^4 seconds up to 7 seconds. 

Cost and Value 

The cost of the machine was somewhere near 8 or 4 hundred 
thousand dollars, if we leave out some of the cost of research 
and development, which would have been done whether or not 
this particular machine had over been built. A staff of 10 men, 
consisting of 4 maUicmaticians, 4 operators, and 2 maintenance 
men, are needed to keep the machine running 24 hours a day. 
This miglit roprosont, if capitalised, another 1 or 2 hundred 
thousand dollars. If a capital value of $500,000 is taken os 
equivalent to $60,000 a yoor, then the cost of the machine in 
operation 24 hours a day is In the neighborhood of $160 a day 
or $6 an hour. 

The value of the machine, however, is very much greater. If 
100 human beings with desk calculators wore set to work 8 
hours a day at $1.60 an hour, the cost would bo $1200 a day, 
or 8 times as much. Yet it is very doubtful that tlm work they 
could produce would (X]ual that turned out by tlio machine, 
either in quality or quantity, when Uio machine is well suited 
to tlie problem. 
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RellabllHy 

By reliability we mean the extent to which the results pro* 
duoed by the machine can be relied on to be right. The macliine 
contains no built-in device for making its operations reliable. 
So, if we wish to cheek a multiplication, for example, we can do 
the multiplication a second time, interchanging the multiplier 
and the multiplicand. But if, say, digit 16 of the product were 

nqt transferring correctly, we would get the same wrong result 

■ 

both ways and we would not have a suSloienb check. Thus, 
when we set up a problem for the machine to do, one of the 
big tasks we have is checking. We have to work out ways of 
making sure that the result, when we get it, is right and ways of 
instructing the machine to make the tests we want. This is not 
a new task. Whenever you or I set out to solve a problem, we 
have to make sure—usually by doing the problem twice, and 
preferably by doing it a different way the second time—that our 
answer, when we get it, is correct. One of the chief tfipka for 
the mathematician, in making a sequence-control tape for the 
machine, is to put into it sufficient checks to make sure that the 
results are correct 

We can use a number of different kinds of partial checks; tho 
check counts; differences, and smoothness (see Supplement 2); 
watching the results printed on typewriter 1; mathematical 
checks; comparison with known speoifle values; etc. 

In actual experience on the machine, human failures, such os 
failure to state the problem exactly or failure to put it on tho 
machine corrootly, have given about as much trouble os me¬ 
chanical failuree. Tho machine operates without moolmnioal 
failure about 00 to 95 per cent of the time. The balonco of the 
time the machine is idle while being serviced or repaired. Tho 

machine ia serviced by mechanics trained and supervised at 
Harvard. 

Often when we change the machine from one problem to 
another problem, we find some kind of trouble. Consequently, 
W6 need to work out in detail the first port of any calculation 
placed on the machine. We then compare the resulta stop by 
step with the results produced by the machine. Any mathema¬ 
tician working with the machine needs considerable training in 
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order to diagnose trouble quickly and guide the maintenance 
men to the place where repair or replacement is needed. Once 
you find the trouble, you can fix it easily. Without disturbing 
the soldered oonnectionB, you oan easily pull out from its socket 
a relay that is misbehaying and plug in a new relay. With a 
screwdriver you can change a counter position—detach it from 
its socket and replace it by another one that is working cor¬ 
rectly. 

One ^^bug” that will long be remembered around the Irabora- 
tory was a case involving a 6 that would incorrectly come in 
to a number every now and then. It did not happen often— 
only once in a while. After a week of scaroh the bug was finally 
located: the insulation on a wire that carried a 6 had worn 
through in one spot, and once in a while this wire would shake 
against a post that could carry current and took in the 61 

Effldenqf 

In many respects, this machine is ofiQoient and well-balanced. 
Its reading and writing speed is close to its calculating speed. 
We can punch or print a result on the average for every 10 ad¬ 
ditions or 1% multiplioatinns. The memory of 72 numbers in 
the machine is extremely useful; a smaller memory is a serious 
limitation on the achievements of a computing machine. The 
machine can do many kinds of arithractio and logic. It is well 
educated and can compute automatically some rather compli¬ 
cated mathematical functions, like logarithm or sine. It has 
done difficult and important problems. It has computed end 
tabulated (see Supplement 2) Besael junctiona, dafimle integrala, 
etc. It can solve differential eqwUiona (see Chapter 6) and 
many other problems in mathematics, physics, and engineering.' 

On the other hand, no calculator will ever again l>o built just 
like this one, useful though it is. Rloctronio computing is cosily 
100 times OB fast as relay computing; nearly every future cal¬ 
culator will do its computing electronically. Many other im¬ 
provements will bo made. For example, in this calculator, theto 
arc 72 additinn-subtractifin mechanisms, yet only one of these 
can be used at a time. Also, Uio machine boa only one combined 
multiply-clividc unit. Bo wo have to organise any computation 
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with few nultiplioatione, and with still fewer divisions, for they 
take longer still. 

Until 1047, we had to organise any computation in this cal- 
eolator into one single fixed sequenoe of operations. In otiiei' 
words, there was no way to move from one eubroutine to another 
subroutine depending on some indication that turned up in our 
computation. Recently, the Harvard Computation Laboratory 
decided to remedy this condition and provided the Subsidiary 
Sequenoe Meohaniam equivalent to 10 subroutines of 22 lines of 
coding each, These are on relays and plug wires and may be 
called for by the sequence-control tape or by each other. This 
provision has added greatly to the eidenoy of the calculator. 

Whatever else can be said about tiie Harvard IBM Automatio 
Sequence-Controlled Calculator, it must be said that this was 
the first general-purpose meohanioal brain using numbers in digit 
form and able to do arithmetic and l(^c in hundreds of thou¬ 
sands of steps one after another. And great credit must go to 
Professor Howard H. Aiken of Harvard and the men of Inter¬ 
national Business Machines Corporation who made tliis groat 
meohanioal brain come into existence. 



Chapter 7 


SPEED—5000 ADDITIONS A SECOND > 

MOORE SCHOOL'S ENIAC (aECTRONtC NUMERICAL 

INTEGRATOR AND CALCULATOR] 


Another of the giant braine that has begun to work ia named 
SNIAO. This name oomes £rom the initial letters of the full 
name, Electronic Numerical Integrator and Calculator. Eniao 
was born in 1942 at the Moore Bohool of Eleotrioal Engineering, 
of the Univereity of Pennsylvania, in Philadelphia. Eniao's 
father was the Ordnance Department of the IT. S. Army, whioh 
provided the funds to feed and rear the prodigy. 

In the short spooe of four years, Eniao grow to maturity, and 
in February 1046 he began to earn his own living by eleotronlo 
thinking . Enlac promptly set several world’s records. He was 
the first giant brain to uso eleotronio tubes for oaloulating. He 
was tho first ono to reach the speed of 6000 additions a second. 
He was tho first piooe of elootronio apparatus containing as 
many as 18,000 oloctronio lubes all functioning together aucoesB- 
fully. As soon os Eniao started thinking, be promptly made 
relay calculators obsolete from the sciontifio point of viow, for 
they have a top speed of perhaps 10 additions a second. 

At the a^ of 6, ho moved to Maryland at a cost of about 
990,000, and his permanent homo is now the Ballistio Ke- 
search liaboratorics at the IJ. S. Army’s Proving Ground at 
Aberdeen, Md. 


ORIGIN AND DEVaOPMENT 

In tho Department of Terrestrial Magnetism in the Carnegie 
Institution of Washington, a great deal of information about tho 
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HATfh u studied. Many kinds of physical observations are thero 
gathered "-tiH analysed: oleotrioity in the atmosphere, magnetism 
in the earth, and the weather, for example. In 1941, a physicist. 
Dr. John W. Maucbly, was thinking about the great mass of 
numeriool information they had to handle. He became oon- 
vinoed that much swifter ways of handling these numbers were 
needed. He was certain electronic devices could be used for 
computing at very high speeds, yet he found no one busy apply¬ 
ing eleotronioa in this fi^d. With hopes of finding some way 
of developing electronic computing, he joined the staff of the 
Moore School of Eleotrioal ^^neering in the autumn of 1041. 

The Moore School in 1984 and 1938 had built a difTerential 
anslyser; and, from that time on, the school had made a number 
of improvemonts in it. In 194'1, with war imminent, the differ¬ 
ential analyser was put hard at work calculating tables for tbo 
Aimy^s Ballistio Keeearoh Laboratories. These tables were 
mostly firing tables, tables of the paths along which projectiles 
travel when fired— trajectories; obviously, you cannot fire a gun 
usefully, unless you know how to aim it. The amount of cal¬ 
culation of trajectories was so huge that Dr. Mauchly auggoeted 
that a itiiuihiTifl using electronic tubes be constructed to calcu¬ 
late them. A good deal of discussion took place between men 
at the Moore School, men at the Ballistic Research Laboratories, 
and men from the Ordnance Department in Washington. A con¬ 
tract for research into an electronic trajectory computer was 
concluded with the Ordnance Department of the TJ. 3. Army. 
Mauchly and one of the young electronics engineers studying at 
Moore School, J. Prosper Hokert, Jr., set to work on the dosign. 

Qradually tlie design of a machine took form, and the cnioial 
experiments on equipment were completed. In 1943, the design 
was settled as a speoial-purpose machine to oalculato trajocto- 
ries. Later on, the group modified the plans here and there to 
enable the machine to calculate a very wide class of problems. 
A group of Moore School electronics engineers and technicians 
during 1944 and 1946 built the machine, using as much as pos¬ 
sible standard radio tubes and parts. Here, again, in apito of 
the Buooessful progress of the electronic machine, tlio rumor that 
it was a “white elephant” was allowed to spread in ardor to 
protect the work from prying enemy ears. 
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GENERAL ORGANIZATION 

The main part of Eniao oonaUta of 43 panela, which an plEMjed 
along the eidee of a square U. Each of these panels ia 9 feet 
highi 2 feet wide^ and 1 foot thiok. They are of sheet steely 
painted block, witii switches, lights, etc., mounted on them. At 
the tops of all the p>anelB are air ducts for drawing off the hot 
air around the tubes. liOrge motars and fans above the machine 
suck the heated air away through the ducts. There are also 6 
. pieces of equipment which can be rolled from place to place and 
are oallod portable, but there is no ohoioo as to where they can 
be plugged in. We shall call this equipment panels 48 to 47. 

Panels 

Now what ore these panels, and what do they do? ISaoh panel 
ia an assombly of some equipment. The names of the panels are 
shown in tlie accompanying table. The arrangement of Eniao 
at the Ballistic Research Laboratories as shown in the table is 
slightly different from the arrangement of Ehieio at Moore 
BohooL 


Faiobii No. 

1 

3 

8.4 

B 

0 

7 

8 
0 

10 

11 

13 

18 

]4 

16 

10 

17 

18 

10-31 

33 

38 


NAMES OF FANEl^ OF ENIAC 

NAMB (and ADDtnONAI. MAMIS IN SOUS QABM) 

Inlllaling Unit 
Oyaling Unit 

Matitor ProgrBirnner, puiola 1, 3 
AcMmmulator 1 
AooumuUtor 3 
Aooumulator 8 
AcoumaUtor 4 (Quotionfc) 
DivldorSquaro-Roolor 
AooumulAtor 5 (Numomtor I) 

AeoumuUtor 6 (NumoiHlor II) 

Afxnimulnlnr 7 (Donomlnatoiv-Sqiuiro Root I) 
Aooumulator 8 (Donominator—Square Root H) 
Aooumulator 0 (Shift I) 

Aooumulator 10 (Shift II) 

Blank panol for now unit (Convoiter) 
Aooumulator 11 (Multi|illor) 

AooumulaUir 18 (MultlpUoand) 

MulUpIlor, panels 1, 3, 8 

Aooumulator 18 (lAift-Hand Fartlnl Produots X) 
Aeoumulalor 14 (Ijoft'Hand FarUol Froduots 11) 
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NAMES OF PAJfmB OF ENIAC iConUmud) 


Fimui No. 

Niu (aiiD ADDOiamja* nauh nr bou oabh) 

94 

Aoounnilator 16 CBi^t-Hand Froduota I) 

96 

Aooumulator 10 (Bight-Hand Products 11) 

98 

Blank panel for new unit (100 RoglBlen) 

97 

Aeeumulator 17 

98 

AeoDinulator 18 

99 

Aooumulator 10 

80 

Accumulator 20 

81,82 

Punotion Table 1, panels 1, 2 

88,84 

Funotlon IVble 2, panols 1, 2 

80,80 

Fonotlon Table 8, panele 1, 2 

87-89 

Oenstent Transmitter, panisli 1, 2, 8 

4CM8 

Frintor, panels 1, 2, 8 

48-46 

Portable Funottoo Tablas A, B, and C 

46 

IBM Card Header 

47 

IBM Bummaiy Punoh 


NoU: The aocnmalfttorB from wbioh a numbor can be aont to the printer are 
nov aoeumulaton 1, 2, and 16 to 90. 


In reading over the table, we find a number of words that nocd 

63q>laining. Some of the explanation we can give in the sum- 

■ 

mory of the units of Eniao: 


SUMMARY OF UNITS OF ENIAO 


Q.UAHTirT DBTTOa 

90 Aeounuilaton 

1 MulUpUor 

1 DlvidoivSqpiBni-Rooter 

& Ftanotlon TaUea 

1 Oonatant Tmnonittor 

1 Frintei 

1 Cycling Unit 

1 Ihitimtliig Unit 

1 Maator Frogrunmor 


BiGNinoANca 

Store, add, and subtract nunibore 

MultlpUoB 

Divides, and obtains twioo the a^iars 
ToU of a nnraboT (no SupplomonL 2) 

Fart of the momoiy, for refoning to 
tabloB of numbers 

Btoree numbers from tlio card, roador and 
from handsel switchoa 

Funohes machine results Into cards 

Oontrols tho timing of the various parts 
of the machine 

Has oontrola for starting a calculation, 
for clearing, etc. 

Holds tho chief controls for coordinating 
tho various parts of tho machine 


An accumulator is a storage ooimter. It can hold a number; 
it oan clear a number; it can transmit a number either posi¬ 
tively or negatively; and it oan receive a number by adding tho 
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number in and thus holding the sum of what it held before and 
the number received. Eniao when first built bad only 20 acou> 
mulatoiSj and eo it could remember only 20 numb^ at one 
time (except for constant numbers set in switches). This 
memory was the most serious drawbaolc of Eniao; panel 26 was 
designed, therefore, to provide a great additional memory 
capacity. 

The divxder~sguarB^ooterf as its name tells, is a mechanism 
that can divide and that can find twice the square root of a 
number. Eniao is one of the several giant brains that have had 
square-root eapaoity built into them, particularly since square 
root is needed for solving trajectories. 

Many panels of Eniao have double duty and some have triple 
duty. For example, panel 24 is an accumulator, but it also (1) 
stores the right-hand partial products (see Supplement 2) of the 
multiplier and (2) was a re^ster, when Eniao was at Moore 
School, from which information to be punched in the printer 
could be obtained. Clearly, if we have a multiplication to do, 
we cannot also use this accumulator for storing a number that 
is to remain unchanged during the multiplioation. 

Parts 

The total number of parts in Eniae is near half a million, even 
if we count clcotrunio tubes as single parts. There are over 
18,800 electronic tubes in tho inaclune. It is interesting to note 
that only 10 kinds of elcctronio tubes are used in the calculating 
circuits and only about 60 kinds of reaxstors and SO kinds of 
capacitors. A resistor is a dcvico that opposes tho steady flow 
of electric current tlirough it to a oortain extent {called resist¬ 
ance and measured in oAms). A capacitor is a dovico that can 
store electrical energy up to a cortain extent (called ca 7 >acttance 
and measured in farads). All these tubes and parts are standard 
parte in radios. All typos arc identified by tho color labels estab¬ 
lished in standard radio manufacturing. It is tho combinations 
of those parte, like tho combinations of pieces in a chess game, 
tliat give rise to tho miirvclous powers of Eniao. 

Tile oombinations of parts at tho first level arc called p£u0-in 

unite, A plug-in unit is a standard box or tray or chassis made 
of sheet steel cinitnining a standard assembly of tubes, wires. 
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and other porta. It oan be pushed in or pulled out of a standard 
aooket with many oonneotions. An ezBjnple of a plug-in unit is 
a decode, or, more exactly, an occtanulator decade. This is just 
a oounter wheel or deoimal position expressed in Eniao lan¬ 
guage: H eon express suooessively all the digits from 0 to Q and 
then pass from 0 to 0, giving rise to a carry impulse. It is strik¬ 
ing that a mechanical oounter to hold 10 digits con be made up 
of 10 little wheels, % inch wide and an inch high. But an ac¬ 
cumulator in Eniao, to hold 10 digits, is a set of 10 decades each 
2 inohee wide and 2^ feet high. 

There are only about 20 kinds of plug-in units altogether. 
Each plug-in unit is interehangeable with any other of the sanoo 
land. So, if a decade, for example, shows trouble, you oan pull 
it out of its socket and plug in a spare decade instead. 

Numbers 

TTumbers in Elniao are of 10 deoimal digits with a sign that 
may be plus or minus. The deoimal point is fixed. However, 
when you are connecting one accumulator with anothor, you oan 
shift decimal point if you want to. Also, 2 accumulators 
may be ooupled together so as to handle numbers of 20 digits. 

HOW INFORMATION GOES INTO THE MACHINE 

There are Uiree ways by which information—numbers or in- 
struotions—oan go into the Eniao. Numbers can bo put into the 
maohine by means of punch cards fed into the Card Reader, 
panel 46, or switches on the Constant Transmitter, panels 37 to 
SO. Numbers or instructions oan also go into the maohine by 
means of the Function Tables, panels 43 to 46. Here there are 
dial switches, which ore set by hand. InstruotionB can also go 
into the machine by setting the switches, plugging the inputs 
and outputs, etc., of the wires or lines along which numbers and 
instructions travel. 

HOW INF0RAAAT10N COMK OUT OF THE MACHINE 

There ore two ways by which numerical information oan 
come out of the maohine. Numbers con come out of the ma- 



HOW mrORMATION IB MAKIFULATHD 119 

ohine punched on oarde by the Summary Pimoh, panel 47. They 
are then printed in another room by meane of a eeparate IBM 
tabulator. AIbo^ numbers oan be read out of the machine by 
means of the lights in the neon bulbs mounted on each accumu¬ 
lator. You can road in the lights of a panel the number held 
by the accumulator, if the panel is not computing. 


HOW INFORMATION IS MANIPULATED IN THE MACHINE 

ISniao handles information rather differently from any other 
of the big brains. Instead of having only one bus or “railroad 
line*’ along which numbers can be sent, 13niao has more than 10 
such lines. They are called digit trays and labeled A, B, G, • * <. 
hhioh contains 11 digit trvhk lutes or digit trunks —10 to carry 
the digits of a number, and the 11th to carry the sign. Instead 
of having only one telegraph line along which instructionfl oan 
be sent, Eniao has more than 100 such linos. They are oaJled 
program trunk lines or program trunks and Labeled Al, A2, ■ ■ *, 
All, Bl, B2, ' * *, Dll, * ■ etc. They arc ossomblod in groups 
of 11 to a tray; the program trays, in fact, look just like the 
digit trays, except for bhoir oonnectore and their purpose, which 
are different. Below, we shall make clear how the program 
trays carry control information. 

Now, actually, Eniao has many more trunk lines than we have 
just stated, for each of the lines we have mentioned cem be 
divided into numerous separate sections by iho removal of plug 
connections. How we choose to do this depends on the needs 
of the problem, the space between the panels, the time when 
the line is used, ete. 

Transferring Numbers, Adding, and Subtracring 

Basically, a number is represented in Eniac by an arrange¬ 
ment of on and off eloctronio bubo elements in pairs, called fiip~ 
fiops. There is one flip-flop enclosed in a single tube (type 
6SN7) for each value 0, 1, 2, 3, 4, 6, 6, 7, 8, Q for each of the 
10 digits stored in on accumulator. So we have at least ICX) fUp- 
flops for each accumulator, and thus at least 100 electronio tubess 
are required to storo 10 digits. Actually, an accumulator needs 
660 eloobronio tubes. So we sec that there is not very much of 
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a future in this type of arrangement. The newer eleotronie 
brains use dlffeAnt devioee for storage of numbers. 

In order to show what number is stored in an accumulator, 
there are 100 little neon bulbs mounted on the face of each ac¬ 
cumulator panel ISaoh bulb glows when the flip-flop that be¬ 
longs to it is on. For example, suppose that the 4th decade in 
Accumulator 11 holds the digit 7. Then the 7th flip-flop in that 
decade will be cm, and all the others will be off. The 7th neon 
bulb for that decade will glow. 

Now suppose that the number 7 is in the 4th decade in Aoourau- 
lator 11 and is to be added into, say, the 4th decade in Accu¬ 
mulator 13. And suppose that it is to be subtracted from the 
4th decade in Accumulator 16. What do we do, and what will 
Sniao do? 

First, we pick out 2 digit trays, say B and D. Accumulator 
11 has 2 outputs, called the odd output and the subtract outptU. 
We plug B into the odd output and D into the subtract output. 
Then we go over to Aocum^tors 13 and 16. They have 6 in¬ 
puts, that is, € ways of being plugged to receive numbers from 
digit trunks. These inputs are named with Greek letters, oc, fi, 
y, 3, c We choose one input, say y, for Accumulator 18, and we 
plug B into that input. We choose one input, say c, for Aoou- 
mulator 16, and we plug H into that input. 

Now we have the "railroad” switching for numbers accom¬ 
plished. We have set up a channel whereby the number in Ao- 
ounaulator 11 will be routed positively into Accumulator 13 and 
negatively into Accumulator 16. Now let us suppose that, at 
some definite time fixed by the oantrol. Accumulator 11 is stiroti- 
lated to transmit and Accumulators 13 and 16 are conditioned to 
receive. When this happens, a group of 10 pulses comes along 
a direct trunk from the cycling unit, and a group of 0 pulses 
comes alcmg another trunk. We can think of each pulse as a 
little surge of electricity lasting about 2 millionths of a second. 
The ten-^pulses, as the first group is called, are 10 milliontlis of 
a second apart. The nine-pulses, as the second group is called, 
are also 10 millionths of a second apart but are sandwiohod 
between the ten-pulses. When the 1st ten-pulse comes along, 
the 7th flip-flop in Accumulator 11 goes off, the 8tli flip-flop goes 
on, the following nine-pulse goes through and goes out on the 
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Bubtra&b line to Aooumulatoi 16. Then the 2nd ten-pulse oomea 
olongi the 8th flip-flop goes off, the Qth flip-flop goes on, and 
the next nine-pulse goes out on Uie subtraot line to Aoeumulator 
16. Now the decade sits at 6, and for thia reason the next ten- 
pulse changes an electronic switch (actually another flip-flop) so 
that all later nine-pulses will go out on the add line. This ten- 
pulse also turns off the 9th flip-flop and turns on the 0th flip-flop 
without causing any carry. Now the 4th of the ten-pulses comes 
along, turns the 0th flix>-flop off, and turns the 1st flip-flop on, 
and the next nine-pulse goes out on the add line to Accumulator 
18. The next 6 of the ten-pulses then come along and change 
Aoeumulator 11 back to the digit 7 as before, and the next 6 of 
the nino-pulsee go out to Accumulator 18. Thus Enlao has added 
7 into Accumulator 13, has added 2, the nmsa compiemerU of 7 
(see Supplement 2), into Accumulator 10, and has left Accumu¬ 
lator 11 bolding the same number as before. This is just the 
result that we wanted. 

In this way, the nines complement of any digit in a decade is 
transforrod out along the subtract line, and the digit unchanged 
is transmitted out along the add line. As the pulses arrive at 
any other accumulator, they add into that accumulator. 

Multiplying and Dividing - 

Eniac performs multiplication by a built-in table of the prod¬ 
ucts in the lO-by-10 multiplication table, using the method of 
left-hand components and rxQht-hand components (see Supple¬ 
ment 2), For example, suppose that the 3rd digit of the mul¬ 
tiplier is 7 and that the 6th digit of the multiplicand is 6. Then, 
when Eniao attends to the 3rd digit of the multiplier, the right- 
han<l digit of the 42 = 6x71® gathered in one accumulator, 
and the left-hand digit 4 is gathered in another accumulator. 
After Enlao has attended to all the digits of the multiplier, then 
Eniac performs one more addition and transfers the sum of the 
left-hand digits into tlic riglit-hand digits accumulator. 

Eniao docs division in rather a novel way. First, the divisor 
is s^ibtraetod over and over until the result becomes negative 
or 0. Then the machine shifts to the next column and adds the 
clivinor until the result becomes positive or 0. It oontmues this 
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proaoesj alternating from oolunm to oolnnm. For example, eup- 
pose that we divide S into 84' in tiiia way. We have: 

-8 

+M 

-8 

+34 

-8 

-6 

±3 

-8 

+8 

0 

After we aubtraot 8 the third time, the result becomes negative, 
—0; in the neoct column, after wo add 8 twice, the result becomes 
0. The quotient is 3^, \diioh is the some as 30 — 2, or 38; and 
8 X 38 is 84. 'Hiub the process checks, 

ConiulHng a Table 

Eniao has three Function Tables. Here you can store num- 
bers or instruotiona for the maobine to refer to. Each Function 
Table has 104 aryummU (see Supplement 2). For each argu¬ 
ment, you can store 12 digits and 2 signs that may be plus or 
minus. This capacity can be devoted to one 12-‘digit number 
with a sign, or to two 6-digit numbers each with a sign, or to 
six 2-digLt instructions. The three Function Tables arc panels 
43, 44, and 46. To put in the numbers or instructions, you have 
to go over to these p>anelB and set the numbers or instructions, 
digit by digit, turning dial switches by hand. It is slow and 
hard to do this right, but once it is done, Eniao can refer to any 
nunober or instruction in any table in Kooo of a second. This 
is much faster than the table reference time in any other of the 
giant brains built up to 1948. 

Programming 

We said above that Eniao has over 100 control lines or pro¬ 
gram trunks along which instructions con be sent Tliose in¬ 
structions are expressed as pulses called program pulaes. Now 
how do wo make these pulsee do what we want them to do? For 
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example, how oon we inatruot Aooumulator 11 to add what it 
holda into Accumulator 137 

On each imit of Thiino there are plug hubs or BOokeU (called 
program-puits input terminalA) to which a program trunk, may 
be oonnocbcd. A program pulse received here con make the unit 
act in some desired way. On each accumulator of Eniao, we find 
12 program-pulse input hubs. Corresponding to each of these 
hubs, there is a nine-way switch, called a program^cojUrol 
awitch. The setting of this switch determines what the accumu¬ 
lator will do when the program-pulse input bub belonging to the 
switch receives a program pulse. For instance, there are switch 
settings for: roooive input on the a line, receive input on the fi 
line, etc.; and transmit output on the add line, etc. There is 
even a switch setting that instructs the aooumulator to do notii- 
ing, and this instruction may be both useful and important. 

Now, in order that Accumulator 11 may transfer a number to 
Accumulator 18, we noed: (1) a digit tray, say B, for the number 
to travel along; (2) a program trunk line, say Q3, to tell Aocu- 
mulaUir 11 when to send the number and Accumulator 18 when 
to receive H; and (3) certain plugging as follows: 

1. Wo plug from program trunk G3 into a program-pulse 

input hub, say No. 6, of Aooumulator 11; 

2. We plug from the same program trunk G3 into a pro- 

grain-pulso input hub, say No. 7, of Accumulator 18; 

3. Wo sot program-control switch No. 6 of Aooumulator 11 

to “odd”; 

4. Wo sot program-control switch No. 7 of Aooumulator 13 

to soma input, say y. 

6. Wo plug from digit tray B into the add output of Aocu- 
imilator 11. 

0. Wc plug from digit tray B Into the y input of Accumu¬ 
lator 13. 

Now, when the program pulse comee along line 03, it mekee 
Accumulator 18 transmit additivoly along digit tray B into Ac¬ 
cumulator 18. And that is the result that we 
As each moohanism of Enioc finishes what it is instructed 
do, it may or may not put out a program pulse. This pulse 
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turn may be plugged into any other program trunk line and may 
stimulate another meohanism to act. Then, when this mech¬ 
anism flnishea, it too may or may not put out a program pulse, 
and so on. 

In general, there are two different ways to instniot ISniao to 
do a problem. One way is to set all the switches, plug all the 
oonneotioins, etc., for the specific problem. Tliis is a long and 
hard tagk. Yory often, even with great care, it is done not quite 
oorrectly, and then the settings must be carefully checked all 
over again. A aocond method (called the von YeutTumn pro- 
prammtnff method) is to store all the instructions for a problem 
in one or two function tables of Enioc and then tell Eniao to 
read the function tables in sequence and to do what they say. 
The rest of the machine is then wired up in a standard fashion. 
This method of instructing Eniao was proposcfl by Dr. John von 
Neumann of the Institute of Advanced Study at Princeton, N. J. 
Eniao has been modified to the slight extent nooded so that this 
method can be used when desired. In this method, each instruc¬ 
tion is a selootod one of 00 different standard instructions or 
orders—one of them, for example, Itcing “multiplicntion.’* Each 
standard order is exproBsod by 2 tiocimal digits. The 60 standard 
orders ore sufiicient so that Eniao can do any mathomaticnl 
problem that docs not overstrain its caimcity. Since each of tho 
3 Function Tables can hold 600 2-digit iuHtniotions, the mn- 
ohino can hold a program of 1800 instructiiins midor the von 
Neumann prograraming motluxl, 

AN APPRAISAL OF ENIAC AS A COMPUTER 

As a genoi'al-puT|M]B 0 calcidaling macliino, Enian suffers from 
unbalance. That is to say, Eninc operaloK rapidly and siioccss- 
fully in Bomo rcaiKwts, and slowly and trouhlesoniely in otlior 
respects. Tliis is altogether to bn ox|>ecU!4l, however, in a cal¬ 
culator as novel as Eniao and made to so largo an extent out of 
standard radio parts. It was certainly better to finish a ralou- 
lator like this one and then start on a new one, as the Moore 
School of Electrical Engineering ilid, than to prolong di'nign and 
oonstnictlon indefinitely in order to make improvcincnts. 
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SpMd 

Kniao adds or BubtraoU very swiftly at the rate of 6000 a 
Booond. Eniao mulUplioe at the rate of 300 to 600 a second. 
Division, however, is slow, relatively; the rate is about 60 a 
second. Heading numbers from ptmohed cards, 12 a second for 
lO-digit numbers, is even slower. As a result of these rates, you 
find, when you put a problem on ISnioo, that one division delays 
you as long os 100 additions or 8 multiplicationB, Division 
might have been speeded somewhat by (1) rapidly convergent 
approximation (see Supplement 2) to tho reciprocal of the di¬ 
visor and (2) multiplying by the dividend; this might have taken 
6 or 6 multiplication times instead of 8. Also, the use of a 
standard IBM punch-card feed and card ptmch slows the ma¬ 
chine greatly. One way to overcome tliis drawback mig^t bo to 
install one or two additional sets of such oquipment, which 
might increase input and output speed. 

Eose of Programming 

Enioc has a very rapid and flexible automatic control over the 
programming of operations. Enioo has more than 10 channels 
along which numbers can bo transferred and more than 100 
channels along which program-control pulses con be transferred. 
There are many ways for providing subroutines. Qniao has the 
additional advantage that there is no delay in giving the ma¬ 
chine Buccossivo instructions: all the instructions tho machine 
may need at any time are ready at the start of tho problem, 
and indications occurring in tho calculation, can change tho rou¬ 
tine completely. 

All these advantages, however, arc paid for rather heavily by 
tho slow methods for changing programming. You have to pliig 
largo numl)crs of program trunk linos and digit trunk lines, or 
you have to set largo mimbors of Eiwitchos, or Imth. Also, when 
you wish to return to a previous problem, yo\i must do all tho 
plugging and switch sotting over again. Many delays in the 
operation of the machine arc duo to human errors in sotting tho 
machine for a now problem. Here again, we must remomlxjr that 
Eniao was originally designed as a spooinl-purpose maebino for 
solving trajectories. To calculate a largo family of trajcoborios 
very little changing of wires and switches would be needed. 
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Memory 

The moat aervere limitation on the usefulnese of Shiiao waSf at 
the outset, the fact that it had only 20 registera for storing num¬ 
bers. There are large numbers of problems that cannot be 
simply handled with so small an internal mranory. Even the 
Harvard IBM calculator (see Chapter 0) is often strained dur^ 
ing a problem because of the number of intermediate results that 
must be stored for a time before combining. The Ballistio He- 
searoh Laboratories, however, contracted for oxtenaiona to Eniao 

to provide more memory and easier changing of instructions. 

■ 

Rsitabllfty 

Checking results with Eniao is not easy. There is no built-in 
guarantee that Eniao's results are correct. A large calculator 
can and does make both constant and intermittent errors. Ways 
for checking with Eniao are: 

Mathematicali if and when available, and this will be 
' seldom. 

Running the problem a second time, and this will, at most, 
prove oonaiBtency. 

I^eliberate testing of small parts of the problem, which is 
very useful and is standard practice but leads only to a 
probability that the final result is correct. 

You osn operate Eniao one addition at a time, and even one 
pulse at a time, and see what the machine shows in its little neon 
bulbs. This is a very useful partial check. 

Cost 

The cost of Eniao is higher than that of some of the other 
large mechanical brains—over half a million dollars. Beoauso 
some of the work was done at the Moore School by students, the 
cost was probably less iiian it otherwise would have boon. The 
largest part of the cost was the designing of the machine and the 
ooEkstruotion of the panels; the tubes were only a small portion 
of the cost. The tubes used in the calculating circuits cost only 
20 to 90 cents. However, no later electronic calculator need 
cost as much, for many improvemenis can now be seen. 
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Thfi power required for Enlao ie about 160 Idlowatte or about 
200 boreepower, noet ol vbioh ie used for the heatere of flie eleo* 
trouio tubee. The largeet number of eleotronle tubes mentioned 
for future eleetronio calculators is about 8000, so we oan see that 
they are likely to use less than a quarter of the power needed 
forEniao. 

Eniac will doubtless (pve a number ol years of suoeesslul 
operation and be extremdy useful for problems that employ its 
Besets and are not excluded by its limitatbns, In fact, at the 
Ballistic Research Laboratories, for a typical week ol actual 
work, Eniac has already proyed to be equal to 600 human com¬ 
puters working 40 hours with desk calculating machines, and it 
appears that soon two or three times as much work may be ob¬ 
tained from Eniac. 


chapter 8 


RELIABILITY—NO WRONG RESULTS: 

BaL LABORATORIES' GENERAL-PURPOSE RELAY 

CALCULATOR 


In 1946, Bell Telephone Laboratoriee in Kew York fliuBhed 
two ifonerailr^ptirpoM relay calcuiator $—^meohanioEd brains. They 
WBi-o twine. One was shipped in July 1946 to the National Ad¬ 
visory OommittoQ lor Aeronautios at Langley Field, Virginia. 
The other, after some months of trial operation, was shipped in 
Febmairy 1947 to the Ballistic Research Laboratoriee at the XJ. S. 
Army's Proving Ground, Aberdeen, Md. 

Fiaoh machine is remarkably reliable and versatile. It con do 
a wide variety of calculations in a great many different ways. 
Yet the machine never takes a new step without a check that 
the old step was correctly pKsrformed. There is, therefore, a 
chance of better than 99.999,999,999 per cent that the maohino 
will not let a wrong result come out. The automatic checking, 
of course, does not prevent (1) human mistakes—for example, 
instructing the machine incorrectly—or (2) mechanical failuros, 

in which the machine stope dead in its tracks, letting no result 
at all come out. 


ORIGIN AND DEVELOPMENT 

In Bell Telephone Laboratoriee the telephone system of the 
country is continually studied. Their research produced the 
common type of dial telephone system: a masterly machine for 
selecting information. 

Now when a telephone engineer studies an electric circuit, he 

often finds it very convenient to use numbers in pairs: like 2, 5 

128 
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or —4, —1, Hero the oomnaa is a eeparation eiga to keep the 
two numbers in the pair separate and in sequence. Mathemati¬ 
cians call numbers of this kind, for no very good reason, com- 
plex numbera; of eourse, they are far lees complex than why the 
sun shines or why plants grow. 

When Bell Itaboratoriee test the design of new oirouitB, girl 
computers do arithmetic with complex numbers. Addition and 
subtraction are easy: each means two operations of addition or 
subtraction of ordinary numbers. For example, 2, 6, plus ~4, 
—1 equals 2 — 4, 6 — 1, which equals —2, 4. And 2, 6 minus 
—4, —1 is the same as 2, 6 plus 4, 1; and this equals 2 4*^i 
6 -f-1, which equals 6, 0. Multiplication of two complex num¬ 
bers, however, is more work. If a, b and e, d are two complex 
numbers, then the formula for their product is (a X c) (b x d), 
(a X d) + (b X c) • 'To get the answer, we need 4 multiplioa- 
tions, 1 subtraction, and 1 addition. Division of two complex 
numbers requires even more work. If a, b and c, d are two 
complex numbers, the formula for the quotient of a, b divided 
by c, d is: 

[(a X c) + (b X d)l + [(c X c) + (d X d)], 

[(6 X c) - (o X d)l + [(c X c) + (d X d)l 
For example, 

(2,6) + (-4, -1) - [(2 X -4 - -8) + (6 X -1 =■ -6)1 

+ [(-4 X -4 - 16) + (-1 X -1 - 1)1, 
[(6 X -4 - -20) - (2 X -1 « -2)1 + [16 + 11 « -H. “if 

Thus, division of one complex number by another needs 6 inul- 
tipUcations, 2 additions, 1 subtraction, and 2 divisions of ordi¬ 
nary numbers—and always in the same pattern or sequence. 

Ths Complex Computer 

About 1039, an engineer at Boll Telephone Daboratoiies in 
New York, Dr. Qeorge R. Stibits, noticed the great volume of 
this pattern arithmetic. He began to wonder why telephone 
switching equipment could not be used to do the multipHoations 
and divisions automatically. He decided it could. All that was 
necessary was that the relay a (see Chapter 2) used in regular 
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't8leph<me equipment should have a way of remembermg and oaJ- 
oulating witii numbera. Regular telephone equipment would take 
oare of the proper sequenoe of operationfl. Regular equipment 
known aa t^typewriten would print the numbers of the answer 
when it was obtained. A teletypewriter omudstB eeeentlally of a 
typewriter tiiat may be operated by eleotrioal impulsee. It has 
a keyboard that may produce eleotrioal impulses in seta oorre- 
sponding to letters; and it oan reoeiye or transmit over wires. 

!Dr. Btibiti coded the numbers: each decimal digit was matched 
up with a group of four relays in sequence, and each of these 
relays could be open or closed. If 0 means open and 1 means 
olosed, here is the pattern or code that be used; 

Dsoexai. Diqit Akiat Cods 

0 0 0 1 1 

1 0 10 0 

a 0 10 1 

8 0 110 

4 0 111 

6 10 0 0 

fl 10 0 1 

7 10 10 

8 10 11 

0 110 0 

With regular telephone relays and regular telephone company 
techniquee. Dr. Stibiti and Bell Telephone Laboratories designed 
and oonatruoted the machine. It was called the Complex Com¬ 
puter and was built just for multiplying and diyiding complex 
numbers. Six or eicdit panels of relays and wires were in one 
room. Two floars away, some of the girl computers sat in 
another room, where one of tiie teletypewriters of the machine 
was located. When they wished, they could type into the ma¬ 
chine’s teletypewriter the numbers to bo multiplied or divided. 
In a few seconds back would come the answer. In fact, there 
were two more computing rooms where teletypewriters of the 
machine were stationed. To prevent conflicts between stations, 
the maohine had a circuit like the busy signal from a tele¬ 
phone. 

In 1940, a demonstration of the Complex Computer took place: 
the computing panels remained in Kew York, but the teletype- 
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writer input-output station waa aeb up at Dartmouth College in 
Hanover, N. H. MaUiematioians gave problema to the maohine 
in Dartmouth, it aolved them in Kew York, and it reported the 
answers in Dsirtmouth. 

Speclal-PurpoM Computers 

With this as a beginning, Bell Laboratories developed another 
machine for a wide variety of mathomatioal processes called 
interpolaHng (see Supplement 2). Then, during World War 11, 
Bell Laboratories made more special-purpose computing ma¬ 
chines. They were used in military laboratories charged with 
testing the accuracy of instruments for controlling the fire of 
guns.- These computers took in a set of gun-aiming direodans 
put out by the fire-control instrument in some test. They also 
took in the set of observations that went into the fire-oontrql 
instrument on that test. Tlien they computed the differencoa 
between the gun aiming produced by the fire-control instrument 
and the gun aiming really required by the observations. Using 
these differences, the fire-control instrument could be adjusted 
and corrected. These special-purpose computers were also useful 
in checking the design of new fire-control instruments and in 
checking changes due to new types of guns or explosives. 

Regularly, after each of theee spccial-purpoae computers was 
finished, people began to put other problems on it. It seemed to 
be fated tliat, as soon as you had made a machine for one 
purpose, you wanted to use it for somothing else. Accordingly, 
in 1044, two agencies of the U. S. Government together made 
a contract with Boll Telephone Laboratories for two general- 
purpose relay computers. These two machines were finished in 
1046 and are twins. 

ORGANIZATION OF THE GENERAL-PURPOSE COMPUTER 

When a man sits down at a desk to work on a computation, 
he has six things on his desk to work with: a work shoot; a desk 
calculator, to add, subtract, multiply, and divide; some rules to 
be followed; the tables of numbers he will nood; the data for 
the problem; and an answer sheet. In his hood, he has the 
capacity to make decisions and to do his work in a certain se- 
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quenoe of steps. Theee seren subdiviaaons of oalcnilation are all 
found in the Bell Xiab oratories* general-purpose relay computer. 
The general-purpose computer is a computing system, in fact, 
more than it is a singlQ machine. The part of the system which 
does the actual caloulating is called, in the following paragraphs, 
the computer, or else, sinoe it is in two halves, Computer 1 and 
Computer ft. 

Physical Unit* 

The computing system delivered to the Ballistio Hesearch 
Laboratories Alls a room about 30 by 40 feet and oonsists of 
the following; 

2 computers: panels of relays, wiring, etc., which add, sub¬ 
tract, multiply, divide, select, decide, control, etc. 

4 problem pontions: tables each holding 12 mechanisms for 
feeding piaper tape, which read numbers and instructions 
punohod on tape and convert them into electrical impulses. 

2 hand perforeUore: keyboard devices for puucliiug instruc¬ 
tions ond numbers on paper tape. 

1 procesBor: a table holding meohanismB for feeding 2 paper 
tapes and punching a third paper tape, used for olieoking 
numbers and instructions pimohed on tape. 

2 recordere: each a table holding a teletypewriter, a tape 
punch, and a tape feed, used for recording Emswers and, 
if neceesory, consulting thorn again. 

The 2 computers oorresjKmd to the work sheet, the desk calcu¬ 
lator, and the man's capacity to make decisions and to carry out 
a sequence of steps. The 4 problem positions correspond to the 
problem data, the rules, and the tables of numbers. The 2 re- 
oorders correspond to the answer sheet. The 2 hand perforators 
and the processor oro auxiliary machines; they translate the 
ordinary language of arithmetic into the machine language of 
punched holes In paper tape. 

This is the computing system as organisod for the Ballistic 
Research Laboratories at Aberdeen. Hie one for the National 
Advisory Committee for Aeronautics has only 3 problem posi¬ 
tions. The computer system may, in fact, be organisod with 1 
to 10 oomputers and with 1 to 20 problem positions. 
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The great bulk of this oomputiiig system} liTcfl the meohauioal 
bndna dosoribed in previous ohapters, Is made up of large niun** 
bers of identical pEurts of only a few Ttinds . These arei standard 
telephone relays; wire; and standard teletype tranemitt«r8f meoh- 
anisms that read punched papier tape and produce electrical im¬ 
pulses. 

Numbers 

The numbers that tiie Bell machine contains range from 
0.1000000 to 0.0000090 times a power of 10 varying from 
10}000}000}000}000}000}000 to 0.000}000,000,000}000}ci00}l} or, in 
other words, from 10^^ to 10~**. The machine also contains xero 
and infinity: sero arises when the number is smaller than 10~^*} 
and inAnity arises when the number is equal to or greater than 
0,009,900,000,000,000,000. (See Supplement 2.) 

The system used in the machine to represent numbers on re¬ 
lays is called biquinary—the bt-, because it is partly twofold 
like the hands, and the -quinary because it is partly Avefold like 
the Angers. This system is used in the abacus (see Chapter 2 
and Supplement 2). In the machine, for each decimal digit, 7 
relays are used. These relays are called the 00 and 6 relays, and 
the 0,1, 2, 3, and 4 relays. If, as before, 0 indicates a relay that 
la not energised and 1 indicates a relay that is energised, then 
each decimal digit is represented by the positioning of the 7 re¬ 
lays as follows: 

Dsonuxi Digit Bslats 



OO 

5 

0 

t 

3 

3 

4 

0 

1 

0 

1 

0 

0 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

3 

1 

0 

0 

0 

1 

0 

0 

S 

1 

0 

0 

0 

0 

1 

0 

4 

1 

0 

0 

0 

0 

0 

1 

5 

0 

1 

1 

0 

0 

0 

0 

6 

0 

1 

0 

1 

0 

0 

0 

7 

0 

1 

0 

0 

1 

0 

0 

8 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

L 


Then, for any decimal digit, one and only one of the 00 and 6 
relays is energised, and one and only one of the 0, 1, 2, 3, and 4 
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relays Is onergiied. If more or leas than exactly one relay in 
each set is energisedi then the maoliine knows that it has mode 
a mistake, and it stops dead in its tracks. Thus any accidental 
failure of a relay is at onoe oau^t, and the olianoo of two com- 
peosating failures occurring at the same time is extremely afna ll , 

HOW INFORMATION GOES INTO THE MACHINE 

In order to put a problem into this machine—^just as with the 
other maohinee—fitst a mathematician who knows how the 
problem is to be solved, and who knows how to organise it for 
the machine, lays out the scheme of calculation. Then, a girl 
goes to one of the band perforators. Bitting at the keyboard, she 
presses keys and punches out feet or yards of paper tape ex¬ 
pressing the instructions and numbers for the calculation. ISaoh 
oharaoter punched—digit, letter, or wi gn —hsa one or more of a 
TnaxinnuTiri of 6 holes across the tape. Another girl, using tlie 
other hand perforator, also pimohee out the instructions and 
numbers for the calculation. If ^e wishes to erase a u^ong 
character, she can press an erase key tliat punohee all 6 holes, 
and then the machine will pass by tliis row as if it were not 
there. 

Three kinds of tapes are produced for the machine: 

Problem tapes, which contain infomiation belonging bo the 
particular problem. 

Table tapes, which contain tablee of numbers to bo referred 
to from time to time. 

Routine tapes, which contain the program, or routinej or 
sequence of steps that the machine is to carry out. 

In each of these tapes one oharaoter takes up of on inch 
along the tape. In the case of a table tape, however, an ordinary 
1-digit number requires 4 oharacters on the tape, and a 7-digit 
number requiree 11 oharaoterB on the tape. On a table tape thoro 
will be on the average about 1 inch of tape per number. 

The Proeauor 

Tlie two paper tapes prepared on the perforator should agree. 
But whether or not they agree, a girl takes them over to the 
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prooeBBor and puta them both in. The prooeBsor has two tape 
feedfi, and she puts one tape on each and startB the maohine. 
The prooeBsor oompares them row by row, making sure that they 
agree, and pimohee a new tape row by row. If the two input 
tapes disagree, the proeesaor stops. You can look to see whioh 
tape is right, and tiien you can put the oorreot punch into the 
new tape with a keyboard mounted on tiie prooeasor. As the 
prooesaor oompares the two input tapes, it also converts any 
number written in the usual way into machine language. For 
example, the processor will automatically translate 23,188 into 
+•231 8800 X 10'*''*. The processor also puts in certain safe¬ 
guards. If you want it to, the processor will also make a printed 
record ot a tape. Also, when a tape becomes worn from use in 
the machine, you can put it into the processor and make a fresh 
copy. 

The Preblem Pothlons 

Next, the girl takes the punched tape mode by the processor 
over to a problem position that is idle. Two of the problem 
positions are always busy guiding the two computers. The 
other two problem positions stand by, ready to be loaded with 
problems. 

A problem position looks like a largo covored-over table. 
Under the covers are 12 tape feeds, or tape tranamittera. All 
these transmitters look exactly alike except for their labels and 
consist of regular teletype transmitters. Six-hole paper tapo can 
be fed into any transmitter. Six motal Angers sense tho holes 
in the paper tape and give out electrical impiilsoa at proper 
times. At the front of the problem position is a small group of 
switches that provide complete control over the problem while 
it is on the machine. Tbeso are switohos for starting, discon- 
nooting, momentary stop, etc. 

One tape transmitter is the problem tapo ti’ansmltter. It takes 
in all the data for the problem such os the starting numbers. 
The first thing it docs at the start of a problem is to check (by 
comparing tape numbers) that the right tapes are in the right 
feeds. 

Five transmitters are routine tape transmitters. Each of these 
takes in the sequence of computing steps. Tho routine tai>CB also 
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contain informatioii for referring to table tapes and instruotions 
for printing and pnnohing tape. The machine can ohooee ac¬ 
cording to instruotions between the five routine tapes and can 
ohooee between many different sections on each tape. Thereforei 
we can use a largo number of different routines in a calculation, 
and this capacity noakes the machine versatile and powerful. 

Six transmittera are table tape transmitters. They read tables 
of numbers when dirooted to. A table tape can be ns long as 
100 feet and will hold numbers at the rate of 1 inch per number, 
so that about 1200 numbers of seven decimal digits can be stored 
on a table tape. 

When we look up a number In a table, such ns the following, 


SH a 8H 


1 

i.oaooo 

1.08000 

1.08000 

a 


BWuTjiDH 

1.07138 

a 

1.07080 

1.0037B 


4 

1.10881 

■ * < 

■ * ■ 

6 

1.18141 



0 

1.15000 



7 



P • ■ 

8 




0 

1 • • 



10 





we look along the top and down the side until wo And the column 
and row of the number we are looking for. Tlicso arc called the 
arfpiments of the f a&uZar value that we arc looking for (see Sup¬ 
plement 2). Now when we put this table on a tape to go into 
the Boll Laboratories machine, we write it all on one lino, one 
figure after another, and we punch it os follows: 

2H 1-0 1.02000 1.00003 1.07080 1.10881 1.18141 

0-10 1.16000 • • • 11-10 . S 

I’-A 1.08000 1.06000 . 8^ 1-0 1.03000 

• • • 

You will notice that the column labels 2%, 3, 3% have boon put 
on the tape, each in front of the group of numbers they apply 
to. The row labels 1 to 6, 0 to 10, • • • have also been put on 
the tape, each in front of the group of numbers they apply to. 
The appropriate oolumn and row numbers, or arguments, must 
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be put often on every table tape, so that it ie easy for the ma- 
ohine to tell what part of the table tape it is reading. 

In the Bell Laboratoriee machine, we do not need to put equal 
blocks of arguments like 1-6, 6-10 • • • on the table tape. In¬ 
stead we can put individual argumente like 1, 2, 3, 4 * • •, or, if 
we wish, we oan use blocks of differont siaea, like 1—8, 4r-16, 
16-30 * *'. For some tables, such as income-tax tables, it is 
very useful to have varying-sixed blocks of arguments. The 
machine, when hunting for a certain value in the table, makes 
a compariaon at each block of arguments. 

The machine needs about 6 seconds to seoroh a foot of tape. 
If we want to set up a table economically, therefore, we need to 
consider the average length of time needed for searching. 

HOW INFORAAATION COMES OUT OF THE MACHINE 

At either one of the two recorders (Fig. 1), information comes 
out of the machine, cither in the form of printed characters or as 
punched tape. The recorder consists of a printer, a r^erforator, 
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and a tape transmitter. One recorder tabic 1>clongB to each com¬ 
puter and records the results it computes. The printer is a 
regular teletypewriter connected to the machino. It translates 
information produced by the machine ns elootricnl impulses and 
prints the information in letters and digits on paper. The re¬ 
perforator is an automatic tape punch. It translates informo- 
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tion produced by the machine in the form of eleotrioal impulses 
and punohea the information on paper tape. Next to the tape 
punch is a tape transmitter. After the tape comes through Uio 
punohj it is fed into the transmitter. Here the machine can hunt 
for a previous result punched in the tape, read that result, and 
use it again. 

HOW INFORMATION IS MANIPULATED IN THE MACHINE 

The main part of the computing syst em consists of 27 large 
frames loaded with relays and wiring, called the comTmfer, or 
Computer f and Computer $, In this ‘'telephone central sta- 
tlon," all the “phone calls’* from one number to another oro at¬ 
tended to. There are 8 types of these frames in the computer: 


Foaub Nuubbb 

Btoring reglBtar frunes 0 

Printer framoa 2 

Problem frames 3 

Position frames 3 

ColeulatoT frames 0 

Control frames 3 

Routino frames 4 

BTL (Bloek-Trifl-Log) framos 3 
Pormsnont table fimroos 1 

Tbtal 37 


In most but not quite all respects, the two hnlvoe, Computer 1 
and Comptiter can compute independently. The sfonnp rep- 
ieter /ramsi hold enou^ relays to store 30 numbers. The reg- 
isters for these numbera are named A, C, D, • • •, JW, AT, O in 
two groups of IB each. One group belongs to Computer 1 and 
the other to Computer 2. In each Computer, the caic^dal^ 
frames hold enough relays for storing two numbers (hold in the 
X and Y reguters) and for performing addition, subtraebiou, 
mtdtiplioation, division, and square root. In each Computer, tho 
problem jrame stores the numbers that are road off tho problem 
tape and the table tapes, and tho printer jrame stores tho num¬ 
bers that are read into the printer. Tho printer frame also storos 
indications, for example, the signs of numbers, plus or minus, 
for purposes of combining them. These frames also hold tho re- 
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laya that control the printer, the problem tape, and the table 
tapee. Jointly for both Computers, the position frames oozmeot 
a problem in some problem position to a Computer that becomes 
idle. For example, one problem may finish in the middle of the 
night; the maebine automatioally and unattended switchea to 
another problem position and proceeds with the instruotions 
there contained. A backlog of computing on hand can be stored 
in two of the problem positions, while the other two control the 
two Computers. In each Computer, the rouUne framsa hold the 
relays that make the Computer follow the routine instruotions. 
Jointly for both Computers, the remaining frames—the coTifroI 
/ramw, the BTL framea, and the permanent table frames —hold 
the relays that control: the alarms and lights for indioating 
failures; some circuits called the BTL controls; the tape proc¬ 
essor; and the mathematioal tables that are permanently wired 
into the machine. The permanent table frames hold the follow¬ 
ing mathematioal functians (see Supplement 2): sine, cosine^ 
antitanoeTitf logarithm, and aniHogarithm. 

Storing 

Numbers can be stored in the machine in the 30 regular stoiv 
ing registers of both Computers together. They con also be 
stored, at tlio cost of tying up some maehino capacity, in the 
other registers: the 4 calculator registers, the 2 problem registers, 
the 2 table registers, and the 2 printer registers. Numbers can 
also be punchikl out on tape, in either of the two printei'S, and 
later read again from the tape. Labels identifying the numbers 
can also be punched and read again from the tape. 

Each register in the machine stores a number in the biquinary 
notation, os explained above. In programming Uie machine, 
after mentioning a register it is necessary—os a part of the 
scheme for cheeking—to tell the machine specifically whether to 
hold the number in the register or to clear it. 

Addition and Subtraction 

The calculator frames can add two numbers together, if bo 
instructed in the routine tape. Suppose tliat the two numbers 
are in the registers B and D and that we wish to put the sum 
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in register F, Suppose that we wish to clear the D number but 
hold the B n mnlw after using them. The code on the routine 
tape IB B H D C ^ F» H and C coming right after the names 
of the rej^ters always designate *'hold" and “clear,” reepeotively. 
The oaloulator frames can, likewise, subtract a number. The 
routine instruction B H — J) C ^ P means: 

Take the number in register B (hold it); subtraot the 
number in D (clear it); put the result in F 


Muhlplleotlon and DMtIon 

The oaloulator frames perform multiplication by storing the 
digits of the multiplier, adding the multiplicand over and over, 
and shifting, imtU the product is obtained. However, if tho 
multiplier is 1989, for example, the oaloulator treats it as 
2(XX) —11. This short out applies to digits 6, 7, 8, 0 and outs 
the time required for multiplying. The routine instruction is 
BBXVC^P, 


The oaloulator performs division by repeated subtraction. The 
routine inetruction is B H ~^D C ^ F. The operation signs 
+1 — I X» + actually appear on the keyboard of the perforator 
and on the printed tape produced by the printer. 


DbcrimlnaHon 

BiscriminaHon is the term used in the Bell Laboratories com¬ 
pute^ for what ws have previously called selection, or oompari- 
son, or aequenoing. The discriminator is a part of the calculator 
that compares or selects or decides—"discriminates." Tho dis¬ 
criminator can decide whether a number is sero or not aero. In 
the language of the aZ^ebni o/ logic (see Chapter 9 and Supple¬ 
ment 2), if a is a number, the discriminator can find T{(t » 0). 
The discriminator can also decide whether a number is positive 
or negative. In the language of lo^c, it can find T(a > 0) or 
T(a<0). The actions that a discriminator can cause to be 
taken ore: 

Stop the machine. 

Stop the problem, and proceed to another problem. 

Stop the routine going on, and proceed witli a new routine. 

Permit printing, or prevent printing; etc. 
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In this way the discriminator can: 

Distinguish between right Eind wrong results.. 

Tell that a certain reeult is impoeeible. 

Heoogniie a certain result to be the answer. 

Control the number of repetitions of a formula. 

Change from one formula to another formula. 

Check a number against a tolerance; etc. 

PROBLEMS 

Among the problems that have been placed on the machine 
successfully are: solving the differeTiUal equation of a trajectory 
(see Chapter 6) and solving 32 linear aimultaneous equaHone in 
82 unknowns (see Supplement 2). In the second case, the routine 
tapes were designed to apply equally well to 11 to 100 linear 
equations in 11 to 100 unknowns. However, the machine can do 
a very broad class of problems, including, for example, comput¬ 
ing a personal income tax. Tliis calculation with all its com¬ 
plexity of choices cannot be placed on any of the mechanical 
brains described in previous chapters. The machine can, of 

course, be used to calculate any tables that we may wish to 
refer to. 
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The Bell Telephone Ijaboratories general-purpose relay com¬ 
puter is probably tho best mechanical brain made up to the end 
of 1047, in regard to the two important factors of reliability and 
versatility. 

Reliability 

The machine produces results that are practically 100 per cent 
reliable, for the machine chocks each step lieforo taking the next 
one. The checking ])rinciplo is Uiat exactly a certain number of 
relays must bo onergisod. For example, as we said before, for 
each decimal digit there are 7 relays. Exactly 2 of those relays 
must be energised—^no more, no leas. If this docs not liappon, 
the machine stops at once without losing any numl)Gre. Liglits 
shine for many circuits in the control panel, and, if you com- 



Ids 


BKLIABILrrY—NO WBONQ HESULTS 


pare what iiusy ou^it to show with what they do show, you can 
usually find at once the location of the mistake. The trouble may 
be a speck of dirt between two contact points on a relay, and, 
when it is brushed away, the machine can go right ahead, from 
where it stopped. According to a statement by Frans L. Alt, 
director of the computing laboratory at the Ballistic Research 
Laboratories, in December 1947, "the Bell machine had not given 
a single wrong result in eight months of operation, except when 
operators interfered with its normal running." 

To guard against the risk of putting tapes in the wrong trans- 
mitten, the machine will check by the instructions contained in 
the tapes that the right tapes are in the right places. 

Tlmo Required 

'ifhe time required to do problems on this mechanical brain is 
perhaps longer than on the others. The numbers are handled 
digit by digit on the input tapes, and the typewriter in the re- 
oorder moves space by space in order to get to the proper writ¬ 
ing poiiit. These are alow procedures. The speeds of numerical 
operation are: addition, second; multiplication, 1 second on 
the average; division, 2.7 seconds on the average; square root, 
4.6 seconds on the average; logarithm, about 15 seconds. 

Staff 

In order to operate the machine, the staff required is: one 
maintenance man; one mathematical engineer; about six girls for 
punching tape, etc., depending on the number of problems to bo 
handled at the rate of about one problem per week per girl. 
Unlike any of the other mechanical brains built by the end of 
1947, this machine will run unattended. 

AAalnton a nc* 

The relays in the machine will operate for years with no 
failure; they have the exp)erienoe of standard telephone tocli- 
niques built into them. Under laboratory conditions this typo 
of relay had by 1946 operated successfully much more than 100 
miUion times. The tape feeding and reading equipment in the 
machine may be maintained by periodic inspection and service. 
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The total number of teletype tronfimitteiB in the maohine ia 88. 
If one faitfl, it is easy to plug in a spare. 

The total power required for the machine is about 28 horse¬ 
power. Batteries ore furnished so that, if Uie power supply 
should be interrupted, the machine can still operate for as long 
as a half hour. 

Cost 

The cost of production of this machine in the siie of 4 problem 
positions and 2 computers has been iwghly estimated as half a 
million dollars. This cost includes material, manufacture, in¬ 
stallation, and testing. No development oost is included in this 
figure. Instead, the cost of development has been reckoned as 
squaring with patents and other oontributionB of the work to the 
telephone switching art. 

It is unlikely that tlie general-purpose relay computer will be 
manufactured generally. The pressure of oiders for telephones, 
the need to catch up with the backlog of demand, and the da- 
volopment of electronic computers—all indicate that the Bell 
system will hardly go further witli this typo of computer. In an 
emergency, however, the Bell system would probably construct 
such machines for the govommont, if I’oquestod. In the mean¬ 
time, many principles first used in the general-purpose relay 
computer are likely to find applicationB in telephone-system 
work. In fact, a present major development being pursued in 
the telephone switching sections of Doll Laboratorios is Uio ap¬ 
plication of the computer principles to the automatic compu¬ 
tation of telephone bills. 
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REASONING: 

THE KALIN-BURKHART LOGICAUTRUTH CALCULATOR 


So far WB have talked about meohauioal brains 'Uiat are mathe- 
matioians. They are fond of numbers; their main work is with 
numbers; and the other kinds of thinking they do are secondary. 
We now come to a mechanical brain that is a logician. It is 
fond of reasoning—logic; its main work is with what is logically 
true and what is logically false; and it does not handle numbers. 
This mechanical brain was finished in June 1947. It is called 
the Kalin^Burkhart LofficcU^TnUh Caladator. As its name teUsj 
it calculates logical truth. Now what do we mean by that? 

TRUTH 

To be true or false is a property of a statement Usually we 
say that a statement is true when it expresses a fact. Fov 
example, take the statement "Salt dissolves in water.” We con¬ 
sider this statement to be true because it expreesoa a fact. Ac¬ 
tually, In this case we can roughly prove the fact ourselves. 
We take a bowl, put some water in it, and put in a little salt. 
After a while we look into the water and notice that no salt 
whatever is to be seen. 

Of course, this statement, like many another, ocours in a 
context where certain things are understood. One of the under¬ 
standings here, for example, is "a small amount of salt in a much 
larger amount of water.” For if we put a whole bag full of salt 
in just a little water, not all the salt will dissolve. Nearly every 
statement occurs in a context that we must know if we are to 
decide whether the statement is true or false. 
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LOGICAL TRUTH 

Logical truth la difTeront from ordinary truth. With logical 
truth wo appeal nut to facta but to auppuaitioiuu Usually we say 
that a atatement is logically true when it follows logically from 
certain aupixiaitiuns. In otlier words, wo play a game that has 
useful, even wonderful, rosulta. The game starts with “if” or 
“supiKJse” or “let us assume.” While the game lasts, any state¬ 
ment is logically true if it follows logically from the suppiOBitioiis. 

For example, let us take five statements; 

1. "The earth is flat like a sheet of paper.” 

2. “The earth is round like a boll.” 

3. “John Doc travels as fast as he can, without turning to 

left or to riglit, for many days.” 

4. “John Doe will fall off the earth.” 

6. “John Doe will arrive back at his starting podnt.” 

Let us also take a certain context in which: Wc know what we 
mean by such words as “earth,” “flat,” “falling,” etc.; we have 
other statements and understandings such as “if John Doe walks 
off the edge of a cliff, he will fall,” “a flat sheet of paper baa an 
edge,” etc. In this context, if statements 1 and 3 are supposed,, 
then statement 4 is higicnlly true. On the other hand, if state¬ 
ments 2 and 3 are supposed, then statement 5 is logically true. 
Of course, for many centuries, nearly all men believed state¬ 
ment 1; and the importance of the years 1492 to 1521 (Columbus 
to Magollanl is linked with the final proof that statement 2 
expresses a fact. So, depending on the game, or the context, 
whichovor wc wish to call it, almost any statement can bo logi¬ 
cally true. Wliat wo I>ocomc interested in, therefore, is the con¬ 
nections between statcincnte which make them follow logically, 

LOGICAL PATTERNS 

Perhaps the most familiar example of “followng logically” ia 
a imttcm of words like the folloning: 

1. All igs arc ows. 

2. All owu arc tiniphs. 

3. Thorofuro, all igs arc iimphs. 
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If stAtements 1 and 2 are Bupposod, then statement 3 ia logi- 
oally true. In other words, statement 3 logically follows from 
statements 1 and 2. This word pattern is logically true, no 
matter what substitutions we make for igs, owe, and umphs. 
Vat example, we can replace igs by men, ows by animals, and 
nmphs by mortals, and obtain: 

4. All men are animals. 

6. All animala are mortals. 

6. Therefore, all men are mortals. 

The invented words **igB,” "ows,” **umphB'* mark places in tho 
logical pattern where we can insert any naraos we arc interostcd 
in. The words ”all,” “are,” “therefore” and tho ending s mark 
the logical pattern. Of oourse, instead of using invented words 
like “igs,” “ows,” “umphs" we would usually put A’s, £*8, C’s. 
This logical pattern is called a ayUogism and is one of the moat 
familiar. But there are even simpler logical patterns that are 
also familiar. 


THE SIMPLEX LOGICAL PATTERNS 

Many simple logical patterns are so familiar that we often use 
them without being conscious of doing so. The simple logical 
patterns are marked by words like “and,” “or,” “clso,” “not,” 
"if,” “then,” "only.” In the same way, simple arithmuticnl pat¬ 
terns are marked by words like “plus,” “minus,” “times,” 
"divided by.” 

Let us see what some of these simple logical patterns are. 
Suppose that we take two statements about which wo have no 
factual information that might interfere with logical supposing: 

1. John Doe is eligible for insurance. 

2. John Doe requires a medical examination. 

In practice, we might be concerned with such statements wlicn 
writing the rules governing a plan of insurance for a group of 
employees. Here, we shall play a game: 

(1) We shall make up some new statements from stnto- 

ments 1 and 2, using the words “and,” “or,” “else,” 
*‘not,” “if.” "then,” "only.” 
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(2) We Bhall examine the logioal pattema that we can 

make. 

(3) We Bhall see what we can find out about their logioal 

truth. 

Suppose we make up the following Btatemente: 

3. John Doe is not eligible for inaurance. 

4. John Doe does not require a medical examination. 

C. John Doe is eligible for insurance and requires a med¬ 
ical examination. 

6. John Doe is eligible for insurance, and John Doe is 

eligible for insurance, 

7. John Doe is eligible for insurance, or John Doe re¬ 

quires a medical examination. 

8. If Jolm Doe is eligible for insurance, then he requires 

a medical examination. 

0. John Doe requires a medical examination if and only 
if he is eligible for insurance. 

10. John Doc is eligible for insurance or else ho requires a 

medical examination. 

Now clearly it is troublesome to repeat quantities of words when, 
wc are interested only in the way that "and," “or,” '‘Glee,” "not," 
“if," “then," “only" occur. So, let us use just 1 and 2 for tho 
two original stateraentB, remembering that "1 akd 2" means 
here "Btatoinont 1 akd Btatemeut 2" and doos not mean 1 plus 2. 
Then wo have: 


3: KOT-1 

4: not-2 

6: 1 AKD 2 
6: 1 AND 1 


7: 1 OR 2 

8: IF 1, THKN 2 

9: 1 IK AND ONLV IK 2 

10; 1 OB nusn 2 


Hero then arc some simplo logical pattema tliat wo can make. 


CALCULATION OF LOGICAL TRUTH 

Now what can wc find out about tho logioal truth of stato- 
ments 3 to 107 If wo know something alxiut tbc truth or 



BBASONINQ 


148 

falflily of statements 1 and 2, what will logically follow about 
the truth or falsity of statements 3 to 10? In other wordsj how 
can wo ooloulate the logical truth of statements 3 to 10, given 
the truth or falsity of statements 1 and 2 ? 

For eicample, 3 is notvI; that is, statement 3 is the negative 
or tlie deraal of statement 1. It follows logically that, if 1 is 
true, 3 is false; if 1 is false, 3 is true. Suppose that we use T 
for logically true and F for logically false. Then wo can show 
our oaloulation of the logical truth of statement 3 in Table 1. 


TsUsl 


1 


HOT-l Ml 8 


T 

F 


F 

T 


Table 2 



hot-2 — 4 


T 

F 


F 

T 


Our rule for oaloulation is: For T put F; for F put T. Of course, 
exactly the same rule applies to etatements 2 and 4 (see Table 2). 
The T and F are called truth values. Any meaningful statc- 
irnont can have truth values. This type of table is called a 
truth table. For any logical pattern, we can make up a truth 
table. 

Let us take another example, ‘^and.” Statement 6 is the same 
as statement 1 akd statement 2. How can wo calculate tho 
logical truth of statement 6? We can make up the same sorb 
of a table as before. On the left~hand side of this table, there 
will be 4 oases: 


1. Statomont 1 true, statement 2 true. 

2. Statement 1 false, statement 2 true. 

3. Statement 1 true, statement 2 false. 

4. Statement 1 false, statement 2 false. 

On the righb-hand side of this table, wo shall put down tho 
truth value of statement 5. Statement 5 is true if both state¬ 
ments 1 and 2 are true; statement 5 is false in tho iither rnsos. 
We know this from our common everyday experience with tho 
meaning of "and" between statements. So we can set up the 
truth table, and our rule for calculation of logical truth, in tho 
case of AND, is shown on Table 3. 
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Tables 


1 3 


1 AKO 3 *■ B 


T T 
F T 
T F 

F F 


T 

F 

F 

F 


**ASD** and the other words and phrasee joining together the 
original two Btatementa to make now Btatementa are called con¬ 
nectives, or logicc^ connectives. The connootivee that wo have 
Uluetratod in Btatementa 7 to 10 are: or, if • < - tbrn, xf and 

ONLY IF, OB EIAB. 

Table 4 ehows the truth table that applies to Btatementa 7, 8, 
0, and 10. Tliis truth table expreaaea the calculation of the 
logical truth or falsity of these Btatementa. 


1 3 


1 OR 3 

-« 7 


Tabloi 


ir 1, TURN 3 

- a 


\ IF AMD 

OMLT ir 3 

- Q 


1 OR MTAS 3 
- 10 


T T 
F T 
T F 
F F I 


T 

T 

T 

F 


r 

T 

F 

T 


T 

F 

F 

T 


F 

T 

T 

F 


The "or*' (ob in statement 7) that is defined in the truth table 
is often called the inclusive “or** and moans “and/or.” State¬ 
ment 7, “1 OB 2,” is coneiderod to bo the same ns "1 oh 2 oh 
BOTH.” Tiicrc is another “ob” in common use, often called the 
exclusive “or,** meaning “on Rian” (as in statement 10). Stalo- 
ment 10, “1 oh maK 2,” is the same as "1 or 2 but not both” 
or “HTTKim 1 OR 2.” Tn ordinary PhigUsh, there is some ounfusion 
over these two “or’b.” Usually we i^jly on the context to tell 
whioli one is intended. Of course, such reliance is nob safe. 
Sometimes wo roly on a necessary conflict between the two state¬ 
ments oonnocted by “or” which prevonts the “Ixith” cnao fnnn 
being possible. Tn Uatin the two kinds of “or” were distin¬ 
guished l)y difTcrent words, vel moaning “and/or,” and out moan¬ 
ing “or EiaB.” 
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The ■ ■ * thxn’' that is defined in the truth table agrees 
with our usual understanding that (1) when the ''if clause” is 
true^ the "thbn clause” must be true; and (2) when the ”ir 
olause” is false, the "thedt clause” may be either true or false. 
The "if and onijY if” that is defined in the truth table agrees 
with our usual imderstanding that (1) if either clause is true, 
the other is true; and (2) if either clause is false, the other is 
false. 

In statement 6, there are only two possible oases, and the 
truth table is shown in Table 5. 


Tables 



1 Ain> 1 M 0 


T 

F 


T 

F 


We know that 6 is true if and only if 1 is true. In other words, 
the statement "1 and 1 if and only if 1” is true, no matter what 
statement 1 may refer to. It is because of this fact that wo 
never use a statement in the form "1 and 1”: it can always be 
replaced by the plain statement "1.” 


UDOICAL-TRUTH CALCULATION BY EXAMINING CASES 

AND REASONING 

Now you may say that this is all very well, but what good is 
it? Almost anybody can use these connectives correctly and 
certainly has had a great deal of practice using tliom. Why do 
we need to go into truth values and truth tables? 

When we draft a contract or a set of rules, we often havo to 
consider several oonditians that give rise to a number of oosoe. 
We must avoid: 

1. All confiiota, in which two statements that disagroo apply 

to the same casa 

2. All loop?iolea, in which there is a case not covered by 

any statement. 

If we have one statement or condition only, we have to consider 
2 possible cases: the condition satisfied or the statement true; 
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the oondition not satished or the Btatement false. If ve have 2 
oonditions, we have to consider 4 posaiblo cases: truej true; 
false^ true; true, false; false, false. If we have 3 conditions, we 
have to consider 8 possible oases one after the other (see 
Table 6). 

TabtoO 


Cass 

1 

2 

8 

4 

6 

fl 

7 

8 


In CoKDFnoN 

T 

r 

T 

#* 

T 

F 

T 

F 


2i*ni CoNomoH 

2 ' 

T 

F 

F 

T 

T 

F 

F 


8bd Condition 

T 

T 

T 

T 

F 

F 

F 

F 


Instead of T’s and F's, we would ardinarily use ch«ch-mark% 
(v/) and crosses (X)j which, of course, have the same moaning. 
We may consider and study each case individually. In any 
event, we must make sure that tho proposed contract or set of 
rules covers all tho cases witLumt conAicts or loopholes. 

Tho number of possible cases that wo have to consider dou¬ 
bles whenever one more condition is added. Clearly, it soon 
becomes too much work to consider each case individually, and 
so wo must turn to a second method, tlioughtful classifying and 
reasoning about classes of oases. 

Now suppose that tlio number of conditions increases: 4 con¬ 
ditions give rise to 10 possible cases; 6, 6, 7, 8, 9, 10, »• • con¬ 
ditions give rise to 32, 64, 128, 266, 612, 1024, • • • cases respec¬ 
tively. Because of the largo number of cases, wo soon begin to 
moke mistakes while reasoning about classes of oases. Wo nocfl 
a more clHoicnt way of knowing whethor all cases are covered 
properly. 


LOGICAL-TROTH CALCULATION BY ALGEBRA 

One of tho more cfftciont ways of reasoning is often oallod the 
algebra of logic. This algebra is a part of a now scicnco called 
mathematical logic. Matiiotnatical logic is a science that lias 
tho following oharoctcristlos: 
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It studi«fi chiefly nonnumerioal reasoning. 

It seeks aoourate meanings and necessary consequeuces. 

Its ohiel instruments are efficient symbols. 

Mathematical logic studies especially the logical relations ex¬ 
pressed in such words as "or,” “and,” “not,” “else,” “if,” “tiion,” 
“only," '‘the,” "of,” “is,” “every," "^1,” “none,” "some,” “same," 
“dlfrerent,” etc. The algebra of logic studies especially only the 
first seven of these words. 

The great thinkers of ancient Greece first studied the prob¬ 
lems of logical reasoning as these problems turned up in phi¬ 
losophy, psychology, and debate. Aristotle originated what was 
called formal logic. This was devoted mainly to variations of 
the logical pattern shown above called the syllogism. In tho last 
IfiO years, the fine symbolic techniques developed by mathema- 
tioians wore applied to the problems of the calculation of logical 
truth, and the result was mathematical logic, much broader and 
much more powerful than formal logic. A milestone in the de¬ 
velopment of mathematical logio was The Lowb of Thought, 
written by George Boole, a great English matliematioian, and 
published in 1864. Boole introduced the branch of mathematical 
logic called the algebra of logio, also called Boolean algebra. In 
late years, all the branches of mathematical logio have been im¬ 
proved and made easier to use. 

We can give a simple niimerical example of Boolean algebra 
and how it con calculate logical truth. Suppose that we tako tho 
truth value of a statement as 1 if it is true and 0 if it is false, 
^ow we have numbers 1 and 0 instead of letters T and F. Since 
they are numbers, we can odd them, subtract them, and mul¬ 
tiply them. We can also make up simple numerical formulas 
that will lot us calculate logical truth. It P and Q arc state¬ 
ments, and if p and q are their truth values, respectively, wo 
hove Table 7. 


BrATnisNY 

KOT-P 

P AMD Q 
P OH Q 
ir P, TOHN Q 

P XW AND ONDT IT Q 

P OH mum Q 


Tsirru Vaddb 

1 - p 

P 9 

P + 9 - M 
I “ P + P9 

1 — p — 9 + 3p5 
p + 9 - 2p9 


Tablor 


CALCULATION BY ALGEBEA OF LOGIC UB 

For example, suppose that we have two statements P and Q: 

P: John Doe is eligible for insuranoe. 

Q.* John Doe requires a medical examination. 

To test that the truth value of "P or Q** is p -|- g — pq, let us 
put down tlie four cases, and calculate the result (see Table 8). 
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p 

9 

P +fl - 

-P9 


1 

1 

l+l - 

1 - 

1 

0 

1 

0 “f* 1 “ 

0 - 

1 

1 

0 

1 +0 - 

0 - 

1 

0 

0 

0 +0 - 

0 - 

0 


Now we know that P or Q is true if and only if either one or 

Ixith of P and Q are true, and thus we see that the oaloulation 
is correct. 

Tlio algebra of logic (see also Supplement 2) is a more effi¬ 
cient way of calculating logical truth. But it is still a good deal 
of work to use the algebra. For example, if we have 10 condi¬ 
tions, wc shall have 10 lettors like p, q to handle in caloulations. 
Thus we need a still more efficient way. 


CALCULATION OF QRCUITS BY THE ALGEBRA OF LOGIC 

In 1037 a research assistant at MoRsachiisctts Instituto of 
Technology, Claude K, Shannon, was studying for his degroo of 
master of soionce. Ho was onrnllcfl in the Dcjiartmont of 13100 - 
trioal Engineering. He was interested in automatic sivitrhing 
circuits and wondered why an algclirii should not apply ttj them. 
Ho wrote his thesis on tlie answer to this question and showed 
that: 


(1) There is an algebra that applies to switching circuits. 

(2) It is the algebra of logic. 

A paper, based on bis thesis, wan published in 1038 in tho 
TraTuactioiw of the A?iwtrxron Irmtilitle of Klectriral EngineerH 
witli tho title “A Symbolic Analysis of Relay and Suntcliing 

Cirouits." 
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For a eimple example of what Shannon found out, Buppoae 
that we have two switches, 1, 2, in series (see Fig. 1). When 



Fm. 1. Switches in serioe. 


do we get current flowing from the source to the sink? There 
ore 4 possible oases and results (see Table 0). 


Table 0 


Swrnju 1 n 


No 

Yob 

No 


SwnoH 2 IB 

Ym 

Yoe 

No 

No 


CuBamrr ru>WB 


Yoa 

No 

No 

No 


Kow what does this table remind us of? It is preoisely the truth 
table for "and.” It is just what we would have if we wrote 
down the truth table of the statement "Switch 1 is closed and 
switch 2 is closed.” 



Ful 8. Switch open—ouiront flowing. 


Suppose that we have two switches 1, 2 in parallel (soo Fig. 
2). When do we get current flowing from the source to the sink? 
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IfiB 

Answer: when either one or both of the switches are closed. 
Therefore, this olronit is an exact representation of the state¬ 
ment “Switch 1 is closed ob switch 2 is closed.” 

Suppose that we have a switch tliat has two positione, and at 
any time must be at one and oinly one of these two poaitions (see 
Fig. 3). Suppose that current flows only when the switch is 
open. There ore two possible oases and results (see Table 10). 

Table 10 

BWITUH 1 IB ObOBjn) CuBRMMT VLOWB 

Yob No 

No Yob 

This is like the truth table for “not'* ; and this circuit is an mEaot 
representation of the statement “Switch 1 is not closed.” (NoU: 
These examples ore in substantia! agreement with Shannon’s 
paper, although Shannon uses dilTorent conventions.) 

We see, therefore, that there is a very neat correspondence 
between the algebra of logic and automatic switching circuits. 
Thus it happens that: 

1. The algebra of logic can bo used in the calculation of 

some electrical circuits. 

2. Sonic olcotrical circuits can bo used in the calculations of 

the algebra of logic. 

This fact is what led to thu next stop. 

LOGICAL’TRUTH CALCULATION BY MACHINE 

In 1946 two undergraduates at Harvard University, Theodore 
A. Kalin and William Burkhart, wore taking a course in mathe¬ 
matical logic. They noticed that there wore a largo number of 
truth tables to bo worked out. To work thorn nub took time and 
effort and yet was a rather tiroeomo nutomatio process not re¬ 
quiring much thinking. They had hod some cxporience with 
electrical circuits. Knowing of Shannon’s work, they said to 
each other, “Why not build on electrical machine to calculate 
truth tables?” 

They took about two months to decide on the CBsontial doHign 
of the machine; 
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1. The machine would have dial switohee in whioh logioal 

oonneotivea would be entered, 

2. It would have dial switches in which the numbers of 

statements like 1, 2j 8 * * * would be entered. 

8. It would scan the proper truth table line by line by Bond¬ 
ing eleotrioal pulses through the dial switcliee. 

4. It would compute the truth or falsehood of the whole 
ezpressian. 

CONSTRUCTION AND COMPLETION OF THE KAUN-BURKHART 

LOGICAL-TRUTH CALCULATOR 

With the designs in mind^ 'K'ftlin and Burkhart bought some 
war surplus materialSf including relays, switches, wires, lights, 
and a metal box about 30 inches long by 16 inches tall, and 13 
inches deep. From March to June, 1947, they constructed a 
machine in their spare time, assembling and mounting the ports 
inside the box. The total cost of materials was about (150. In 
June the machine was demonstrated in Cambridge, Mass., be¬ 
fore several logicians and engineera, and in August it was moved 
for some months to the office of a life insurance company. Thoro 
some study was made of the possible application of the machine 
in drafting oontraots and rules. 

GENERAL ORGANIZATION OF THE MACHINE 

The logical-truth calculator built by Kalin and Burkhart is 
not giant in sise, although giant in capacity. Like other me- 
ohanioal brains, the machine is mode up of many pieces of a 
rather small number of different kinds of parts. The machine 
contains about 45 dial switohee, 23 snap switches (or two- 
position switches), 86 relays, 0 push buttons, less tlian a mile of 
wire, etc. The lid of the metal box is the front, vertical i>anel 
of the machine. 


UNITS OF THE MACHINE 

The machine contains 16 units. These units arc listed in 
Table 11, in approximately the order in which they apiwar on 



UNITS OF THB MACfflNB 



Tftblo 11 


UNITS, THEIR NAMES* AND BIONIFICANCE 


Dm 

Row 

Fast 

Mo^ 

1 

1 

SmAl rod Uihti 

18 

8 

1 

S^-podUon AHAp 
. Auitohu 

18 

8 

S 

14-poAltion dU 

AWltohM 

18 

A 

8 

4-podtian dtol 

AvitobflA 

11 

5 

4 

ll-podtton dUL 
■wltobM 

11 

a 

a 

ll-podUckn dtol 

AVltobflA 

11 

7 

0 

i-pcwlUon mop 

AWttohAi 

It 

8 

0 

S-podtlon AHAP 

nritoliu 

11 

0 

7 

Red Uxht And 
tortf* button 

1 

10 

7 

Rod Llfcbt And 8 

bwtiotiA 

1 

It 

7 

a-padtlo« mop 
Awlteb And 
rod button 

I 

13 

7 

ydtow Uichfc 

1 

13 

7 

I^ne builoo 

] 

U 

7 

1 t*|)odUon dto^ 
■witeJi 

1 

18 

7 

13-paolUan dtoJ 

AvUdi 

1 

10 

Iton OonUnunui dtol 

twwti kiKibAiidbMt- 

a And 7 ton 

1 


Uus Nam 

— SintmmMt Cntft- 

Mhu Ht kU 



V Sfmimmwmt awlUhm 


BmawatAJiKm 

Ontfratt ikm If ■tite* 

nwBt h uiumd knia 
In tbo flUB 

Input; If np, nbitaaMBt 
b donbrt 

Input of nfentmuab 


k Cemmtab* wmtfuMm Input of eonna u Mw n ; 

•Um), V (ca). D 0 » 

•'mar), m 0 * amd 
cnv.T I*) 

A ^nfaei[tf«itl Awflatw Input of nnlnonduiti 


C Curffwl 

8 8t0ittw1iekm 


gWMMrtW d utb l 
niAibw 

Start itHfaMoib taorf bmt- 

tmm 


BUrt, PMV tifiM 

Hiop 

Btcqi ■ ■ frw i T 

tmOdk 


Uttin ImlA-w/itf 

Vwkl 


Mad. Ummml pylm tatfM 

Pubs 

kf OmumHm ckrct 

jmU AAd !UlU 

'FT 

lUiw 9lop" aviU 
Htop 

Timim§ esmirwl 


Iikput of ooiMoqmiti 

Ippwtl If liPi OMHlAtO* 
eonnMUn to mnln 
tmth-^TAhw Ui^t 

laput: If op, AtAUownfc 
pnitnOMl br ooona^ 
tIVD ii daaied 

Iitpni; oAiMOA tbo mkxir 
Uinr to itart down ii 
trtiUi %Mm MUtomAtl" 
flolly 

lojiut: torm tlift pow 
on or itfT 

Input: baqm tbo ewloi?- 
\mUsr to ito]! cflthar cm 
tnie OAfVi or on 

OutiMit: idowH \t tbo 

■totonioiit pindond 

bx Uw mjiln ooddoo- 
Ura to Um for tbo 

Ippitt: mmm ibm mkny 

Utcir to ipi to th# imt 
Uu of A truth tAblo 

Output: jdovA vImh aux 
■poeltel ootmoDtlvw to 
tniu 

Input: flAUMi tho caIqii^ 
Utur to Bto]) on tbo 
LAAi row of Uio truth 
tAblo 

lopuii oiinlrotA tliA 
■p eed nt whtoh tbo 
oAlrnibitor maim iuva 
of Uu truth IaUb 
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the front panel of the maohine—row by row from top to bottom, 
and from left to right in each row. 

Some of the words appearing in this table need to be de¬ 
fined. Cofmectwe hero moans “and,” “ob," “up • ■ • th»n,” “ip 
AND ONLY IP.” Only these four oonneotives appear on the ma¬ 
ohine; others when neoded can be constructed from theee. The 
symbols used for these oonneotives in mathematioal logic are 
V, D, mm. Theee signs serve os labels for the connective 
switch points. In this machine, when there is a connective be¬ 
tween two Btatements, the statement that comes before is called 
the antecedent and the statement that domes after is called the 
conee^uent. 

HOW INFORMATION GOES INTO THE MACHINE 

Of the 16 units 18 are input units. They control the setup of 
the maohine so that it can solve a problem. Of the 13 input 
imite, those that have the most to do with taking in tlie problem 
are ^own in Table 12. 

Table 13 





KtiTD or 


tJsw 

Naio or Bwitohm 

Mabk 

Switch 

SwTFon SanriNOB 

8 

Btatoment 

ViioVa 

Dial 

Btatomonts 1 to 13 or coo- 
etant T or F 

8 

■ 

Statement denial 


Snap 

Afilrmatlvo (down) or neg- 
atlvo (up) 


CoDDOotlve 

ii to kn 

Dial 

• (ahd), V (oa), 3 (ir- 
THm?), H (ir AND ojriaT 

ip) 

8 

Cooneotivo denial 


Snap 

Afltnnativo (down) or nog- 
stlvo (up) 

6 

Antooodent 

A.I to Xji 

Dial 

V or varioua A’e 

6 

Ooneoqiunt 

CxtoCu 

Dial 

V or varioua ft’a 

7 

Stop 

Si to Six 

Snap 

Not oonnoelod (down) or 
oonneotocl (up) 


The first step in putting a problem on the machine is to ex¬ 
press the whole problem as a single compound statement that 
we want to know the truth or falsity of. We express tho single 
compound statement in a form such as the following: 

VhVkVhVkVhVkVkVkVkVkVkV 





HOW INFORMATION OOES IN 




whore esoh V representB a statement, each k represents a con- 
neotive, and we know the grouping, or in other words, we know 
the antecedent and consequent of each connective. 

For example, let us choose a problem with an obvious answer: 

pROBLBic. Given: statement 1 is truoj and if statomont 1 is true, 
then statement 2 is true; and if statement 2 is true, then statement 8 
is true; and if statement 3 is true, then statement 4 is true. Is state¬ 
ment 4 true? 

How do we express this whole problem in a fonn tliat will go 
on the machine? We express the whole problem as a single 
compound statomont that we want to know the truth or fal¬ 
sity of: 

If fl and (if 1 then 2) and (if 2 then 8) and (if 3 then 4)], 
then 4 

The 8 statements ooourring in this problem are, respectively: 
1 122334 4. Those are the values at which the V switches 
(the statement dial switches, Unit 2) from V\ to Vn. are set. 
The 7 connectives occurring in this jmsbiom are, respectively: 

AND, IF-THBN, AND, IP-THBN, AND, IP-THKN, IF-THiSN. Those 

are the values at which the k switohos (the connective dial 
switches, Unit 4) from ki to ht are set. 

A gniuplng (one of several ixjssiblo groupings) that specifies 
the antecedent and oonsequont of each oonnective is the fol¬ 
lowing: 


1 AND 1 ir-TIlSN a AND 2 lIuntSH 8 AND 8 IF^IICN 4 ir.Tiunf 4 



The grouping has hero Imen expressod graiihicnlly with lines but 
may bo expressed in the normal mathematical way with paren¬ 
theses and brackets as follows: 
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f[l AND (1 rr-THKN 2}] AND [(2 IV>THEN 3) AND (3 IF- 

THBN 4)]) IJyrHEN 4. 

So the values at which the antecedent and oonsequont dieJ 
Bwitohea are set are as shown in Table 13. 




Tablo 18 




AjmcBDnrr 


ComUQUINT 


CSoNKBOnVB 

Swrrou 

SST AT 

Switch 

Bit at 

ki 


Y 

Cl 

k» 


At 

V 

Ci 

V 

Jb 

A| 

ki 

Ci 

ki 

ki 

A 4 
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Ci 

Y 

kt 

A| 

ki 

Ci 

ki 

ki 

-4| 

V 

Ci 

Y 

kt 

At 

ki 

Cl 

Y 


In any problem, statements that are different are numbered 
one afteir another 1, 2, 3» 4 ***. A statement that is repeated 
bears always the same number. In nearly all oases that are 
interesting, there will be repetiUons of the statoincnts. If any 
statement appeared with a ''not" in it, we would turn up tlio 
denial switch lor that statement (Unit 2). 

The different connectives available on the machino are "and,** 
"oB,** “it • * • thin,” “if and only if.” If a "not” affected the 
compound statement produced by any oonneotivo, we would turn 
up the denial switch for that connective (Unit S). 

The last step in putting the problem on the machino Is to onn* 
neot the main connective of the whole compound statement to 
the yellow-light output (Unit 12). In this prabloin tho last 
“if-thkn,” fcr, is the main connective, the one that produces 
the whole compound statement. So we turn Stop Switch 7 (in 
Unit 7) that belongs to kf into the up position. There arc a few 
more things to do, naturally, but tho essential part of putting 
the information of the problem into tho machine has now boon 
described. 


HOW 1NF0RAAAT10N COMES OUT OF THE MACHINE 

Of tho 10 units listed in Table 11, 3 arc output units, and only 
2 of these are really important, as shown in Table 14. 
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TAblo 14 

Uim Naub of Liom Maht Kim of Ijght 

1 StAtoinont truth tbIud Vi to Vu Stnhllf rod 
18 ^TbIti tmth tbIuq yoUow 

The answer to a problem is shown by a pattern of the lights of 
Units 1 and 13. The pattern of lights is equivalent to a row of 
the truth table* ISacli little rod light (Unit 1) glows when its 
statOT^ent is assumed to be true, and it is dark when its state¬ 
ment is assumed to be false. The yellow light (Unit 13) glows 
when the whole compound statement is calculated to be logically 
true, and it is dark when the whole compound statement is cal¬ 
culated to be logically false. 

The machine turns its '^attention*' automatically to eaoh line 
of the truth table one after the other, and pulses ore fed in ac¬ 
cording to the pattern of assumed true statements. We can set 
the machine to stop on true cases or on false cases or on every 
cose, so as to give us time to copy down whichever kind of re¬ 
sults wc are interested in. When wo have noted the case, wo 
can press a button and the machine will then go ahead searching 
for more oases. 


A COMPLETE AND CONCRETE EXAMPLE 

Tlie reader may still bo wondering when ho will see a com¬ 
plete and concrete example of the application of the logical- 
truth calculator. So far wo have given only pieces of examples 
in unlcr to illuetrato somo explanation. Therefore, lot us con¬ 
sider now the following problem: 

FROBI.BH. The A. A. Adams Co., Ino., has about 1000 omployocs. 
About 600 of thorn arc insured under a contract for group insuranoo 
with the I. I. Tnsiimnco Co, Mr. Adams decides (hat more of his oin- 
ployooB ought to Iw insured. As a part of his study of the change, ho 
asks his manager in cJuirgo of the group iiuunincc plan, "What are the 
possible statuses of iny oinployoos who arc not inmirmlT” 

The manager re])Ik>H, "I can toll you Iho nainra of tbo mon who are 
not insured, and all Iho data you may want in know about them.** 

Mr. Adams sin's, "No, John, I hut won't Iw enough, for T need to know 
whctlicr there are any grouiM or claws that for soino basic roiuioD I 
should rxcliulu fnun the cliaiign I am cuiiHidoring." 
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So the manager goes to work with the following 5 statusee and the 
following 6 ruleS} ftTwt he prodnoee the following answer. Our question 
is, "Is be right, or haa he made a mktakef" 
iSCotuaet. A status for any employee is a report about that employoe, 
answering all the following 6 questions with "yes*' or "no.” 

1. Is the empIo 3 ^ eligible for ineuranoeT 

2. Has the employee applied for insurance f 

8. Has the employee's applioation for insurance been approved? 

4. Does the employee require a medical examination for insuranoeT 
6. Is the employee insured? 

fSidoi, The nilee applying to emiiloyeeB are: 

A. Any employee, to be insured, must be eligible for insuranoe, 

must rniika application for insurance, and must have such 
applioation for insuranoe approved. 

B. Only eligible employees may apjdy for insurance. 

0, The application of any person eligible for insuranoe without 
medical egaminatlon is automatically approved. 

Z). (Naturally) on apidication can be approved only if the ap^rfi- 
oation is made. 

3. (Naturally) a medical examination will not be required from 

any person not digible for msuTonoe. 

Aruwer by the Manager. There are 5 possible combinations of 
statuses for employeee who are not insurod, as shown in Table 16. 


Table 16 


PoSSEBIiB 

CodmnrA- 
TioN or 

Status 1, 

Status 2, 

Status 8, 
Afpuca- 

TION 

Status 4, 

EhcAinNA- 

•now 

Status 5, 

Stasfobu 

SUQIBLS 

Afplisd 

Apfbovbd 

njKlUlBMD 

lirSUHIlD 

1 

Yes 

Yob 

Ym 

Yes 

No 

2 

Ym 

Yes 

Yre 

No 

No 

a 

Yes 

Yos 

No 

Yes 

No 

4 

Yea 

No 

Yes 

No 

No 

6 

No 

No 

No 

No 

No 


The question may be asked why employees who are eligible, 
who have applied for msurance, who have had their applications 
approved, and who require no medical examination (combina¬ 
tion 2) are yet not insured. The answer is that the rules given 
do not logically lead to this ooncluaioiL As a matter of fact, 
there might be additional rules, such as: any sick employee must 
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first retiim to work; or any period from date of approval of 
application, to the first of the following month must first pEisB. 

The first step in putting this problem on the Kalin-Burkhart 
Logical-Truth Calculator is to rephrase the rules, using the lan¬ 
guage of the connoctivoe that we have on the machine. The 
rules rephrased are: 

A. If on employee is insured, then he is eligible, he has ap¬ 

plied lor insurance, and his application has been ap¬ 
proved. 

nr 6, THKN 1 AND 2 AND S 

B. If an employee has applied (under these rules) for in¬ 

surance, ^hen he is eligible. 

IF 2, THBN 1 

C. If an employee is eligible for insurance, has applied, and 

requires no medical examination, his application is 
automatically approved. 

IF 1 AND 2 AND NOT-4, TUBIN 3 

iP. If an employee's application has been approved, then ho 

has applied. 

IF 3, THBN 2 

S. If on employee is not eligible, then ho does not require 
a medical examination (under tlicso rules). 

IF NOT-1, THBN NOTV4 

To got the answer we seek, we must odd one inoro rule for this 
aruticer only: 

F. The employee is not insured. 

not-5 

We now have a total of 4-|-2-|-4-|-2-|-2-i-l occurrences of 
atatomonts, or 16 occurrences. This is beyond the capacity of 
the existing machine. But fortunately Rule F and Rule A cancel 
each other; they may both bo omitted; and this gives us 10 oc- 
ourrenoes instead of 16. In other words, all the possible statuses 
luidor *Tlule B and Rule C and Rule D and Rule E** will give 
us tho answer wo seek. 

The rephrasing and reasoning we have done hero is perhaps 
not easy. For example, going from the logical ]>Attcm 

Only igs may bo owe 
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to the logiool pattern 

If it ie an owj then it is an ig 

B8 we did in rephrasing Rule B, deserves rather more thought 
and disouaeion than we can give to the subject here. A person 
who is responsible for preparing problems for the Logioal-Truth 
Calculator should know the algebra of logio. 

Chooeing an appropriate grouping, we now set on the maohmo: 

{ (dp 2, THBN 1) AND [ZT (1 AND 2) AND NOT-4, THKN 3 ] } AND 
[ (np 3, THKN 2) AND (iF NOT-1, THEN NOT-4) ] 

The setting is as shown in Table 16. After this setting, the 
machine is turned on and set to stop on the ''true” oases. The 
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possible statuses of employees who are not insured are shown in 
Table 17. As we look down the last column in Tabic 17, wo ob¬ 
serve 6 ocourrenoee of JT, instead of 6 as tlie manager dctoimincd 
(see Table 16). Thus, when we compare the manager’s result with 
the machine result, we find an additional possible combination 
to be reported to Mr. Adams, combination 7: 

Employee eligible, employee has not applied, employee’s 

application not approved, employee reQuires a incclioal 
examination, employee not insured. 
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Bocause of tho medical examination, this additional claas of 
employoo would noed to bo considered rather oarofully in any 
change of tho grou]) insurance plan. 


AN APPRAISAL OF THE CALCULATOR 

In appraising tho Kalin-Durkharb Loglcal-Truth Calculator, 
wo must remember tliat this is a first model. It was tlie only 
mnohino of its kind up to tho end of 1948; and it worked. 

Tho cost of tho machine, as stated before, was about S150 of 
parts and ])orliuiis $1000 of labor. This is loss than Moo cif 
the cost of the otlicr giant brains described in previous ohaptors. 


IM EEAflONINa 

Yet WG can properly call this maohine a meohanioal brain be* 
cnuBo it tranefera information automatically from one port to 
anothor of tlio maohine, baa automatic control over the sequence 
of o])Gration8, and does certain kinds of reasoning. 

The macliine is swift. It can check up to a 100 oases against 
a set of rules in less than 1 minute. It can check: 128 oases for 
7 conditions in minutes, 256 cases for 8 conditions in 2 % 
minutes, and 4096 oases for 12 condiUons in 88 minutes, That 
is the limit of the present maohine. Of course, setting up the 
inHohino to do a problem takes some more time. 

The programming of this maohine to do a problem is less oom* 
plicated than tlie programming of most of the big maohinoa pro* 
viously described. Of course, in order to prepare a problem for 
the machine, the preparer needs to know a fair amount of the 
nli 5 cbm of logic. This, however, is not very hard. As to relia¬ 
bility, the machine has in practice been out of order less than 2 
per cent of operating time. 

The big barrier to wide use of the machine, of course, is lack 
of understanding of the field of problems in which H can be 
applied. Rven in this modem world of ours, wo are in ratlier a 
primitive stage in regard to recognising problems in logical trutli 
and knmving liow to calculate it. Here, however, is an electrical 
iiistruinont for logical reasoning, and it seems likely that its 
applirationH will multiply. 


chapter 10 


AN EXCURSION: 

THE FUTURE DESIGN OF MACHINES THAT THINK 


In the previous chapters we have described four giant me¬ 
chanical brains finished by the end of 1946: MaasaohusettB In¬ 
stitute of Technology's Differential Analyzer No. 2, Harvard’s 
IBM Automatio Sequence-Controlled Calculator, Moore School 
of liUeotrioal Engineering’s Electronic Numerical Integrator and 
Calculator (Eniao), and Bell Telephone Laboratories’ Qeneral- 
Purpose Belay Computer. All these brains have actually worked 
long enough to have demonstrated tliuroughly some foots of 
great importance. 

WHAT EXISTINO MACHINES HAVE PROVED 

'The existing mechanical brains have proved that information 
can be automatically transfeiTcd botwoon any two registors of 
a machine. No human being is noedod to pick up a physical 
piece of information produced in ono part of the maohino, per¬ 
sonally movo it to another part of tho maohino, and thoro |iut 
it in again. Wo can think of a mechanical brain os BomoUiing 
like a battery of desk calculators or piiiioh-oard machines all 
cabled together and communicating automatically, 

Tho existing meohanioal brains have also proved that fioxible, 
automatio control over long sequonoes of operations is posfdblo. 
Wo can lay out the whole routine to solve a problem, translate 
it into machine language, and put it into tho mochino. Then wo 
press tho “start” button; tho machine starts whirring and prints 
out the answers as it obtains thorn. Mechanical brains have 
removed tho limits on oumploxity of routine: tho machine eon 
carry out a oomplioatod routine os easily as a simple ono. 
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The exuting giant brains have shown that a machine with 
hundreds of thousands of parts will work successfully. It will 
operate accurately, it will run unattended, and it will have re¬ 
markably few mechanical troubles. 

These maohinee have shown that enormous speeds can be 
realised: 6000 additions a second is Sniac’s record. High speed 
is needed for many problems in science, government, and busi¬ 
ness. In. fact, there are economic and statistioal problems, now 
settled by armchair methods, for which high-speed mechanical 
brains may make it possible to compute answers rather than 
guess them. 

Also, those machines have been shown to be reasonable in cost. 
The cost of each of the large calculators is in the neighborhood 
of $260,000 to $600,000. If we assume a ten-year life, which is 
conservative, the cost is about $3 to $0 an hour for 24-hour 
operation. Since each mechanical brain can, for problems for 
wliioh it is suited, do the work of a hundred human computers, 
such a machine can save its cost half a dosen times. And those 
machines are only ongmeers' models, built witliout the advan¬ 
tages of production-line assembly. 

The cost of giant mechanical brains under design in 1047 and 
1048 is in the neighborhood of $100,000 to $200,000. The main 
reason for the reduction from tlie previous cost is the use of 
cheaper automatic memory. As designs improve and charges for 
research and development are paid ofiF, the cost should continue 
to go down. 


NEW DEVICE FOR HANDUNO INFORMATION 

In the laboratories working on new mechanical and cloetronic 
brains, scientists are doing a lot of thinking about new devices 
for handling information. Research into devices for storing in¬ 
formation shows tliat magnetic wire as used in sound recording 
is a ratlier good storage medium. 

Magnetic Wire 

For example, on a hundredth of an inch of fine stool wire wo 
can "write” a magTietvted spot by means of a small "writing” 
^ctromagnet. The electromagnet is simply some copper wire 
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coiled around some aoft iron shaped in a U. When ouirent flows 
through the ooil, the iron becomes a magnet, and the tips of the 
U magnetise the little section of the wire between them. The 
magnetued spot can be of two kinds, say north-south or south- 
north, depending on which way the current flows. We can “read” 
this difference by means of another small “reading** electro- 
magnet. We con erase the spot by means of a strongor '^erasing” 
magnet that produces a uniform magnetic state througliout the 
wire. The difference between north-south and south-north cor¬ 
responds to the difference between 1 and 0, or “yes** and “no,** 
etc., and is a umf oj information (see Chapter 2). Many other 
Taiiations are possible. Por example, the presence or absence 
of a raagnetiiod spot may be the unit of informatinn, or the 
'‘writing,** “reading,** and “erasing** eleotromagnets all may be 
the some. 

Magnetic-wire sound recordings made in the ISOO's are still 
good. This fact shows that magnetic wire may be a more per¬ 
manent medium for storing information than is paper. Stray 
magnetic forces arc likely to have no harmful effoct on informa¬ 
tion stored on magnetic wire, for these forces would not be 
strong enough or detailed enough to change greatly the differ¬ 
ence between the magnetiiod spot and its neighboring neutral 
area. 

A reel of magnetic wire a mile long and ^ooo of an inch thick 
costs about $6. At 80 magnetised spots to tho inch, a mile of 
wire can storo about 5 million units of information. Hence, the 
cost of storing one unit of information is about 1/10,000 of a 
cent. The time needed for changing a magnetised spot from 1 
to 0 or from 0 to 1 is about 1/10,000 of a second. 

Magnetic Tape 

There is, however, a storage device that may be oven more 
uaefiil, and this is mn^netic tape (sec Fig. 1). *1110 usual sise of 
such tapo is % inch wide and 2 nr 3 thouaandUis of an inch 
thick, Magnotio tapo may bo mode of plastic with magnetic 
powder all througli it, or it may bo of pnjrar ooatod with mag¬ 
netic powder, or it may be of stainless stcol or a magnetic alloy, 
or it may lie of brass or a nonmognotic alloy coated with a mag¬ 
netic plating. 
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Magnetio tapo haa the added advantage that from 4 to 20 
ohannelB aoroee the tape oan be filled with magnetiaed spots, and 
the ooet then becomes about 1/100,000 of a cent per spot It 
seems possible that 1000 units of information oan be stored in 
a quarter of a square inch of magnetio tape. This means that 



flOta 100 Howi of poBnUaad 
ifpokoloiifl 1 Ihi flffhM 

Ful 1. Magnotlo tape, 

more than 1 million units of information oan be stored in a 
oubio inch of spaoe filled with magnetic tape, and about 2 billion 
units of information in a cubic foot, except that some of the 
space should be allotted to the reels and other equipment that 



Spool 

Fni. 3. Tape roeli. 


hold the tape (see Fig. 2). This is closer packing than printed 
information in the telephone book, and yet with magnetio tape 
we oan get to the information automatically. 

Think of the enormous files in libraries, government, and busi¬ 
ness. Think of the problems of space and ooet and access which 
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theeo flies imply. We oan then see that this nerw development 
may well be of extraordinary importance. 

Mercury Tanki 

Scientists are investigating other storage devices having still 
more remarkable properties, but these have the disEulvantage 
that, when the power goes off, the information vanishes. One 
of these new storage devices La called a mercury tank (see Fig. 
3). It consists mainly of a section of iron or steel pipe fiUed 
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Fic. 3. Menmry tank. 


with mercury. At each end of this pipe, touching tlie morciuyi 
is a thin slab of a crystal of quarts. Quarts, which is a common 
stone, and which nearly all sand is made of, changes its shape 
when pulsed with electricity. We put a pattern of electrical 
pulses into tiie quarts slab at one end of tlie mercury tank; for 
example, we could have the pattern 1101 moaning “pulse, pulse, 
no pulse, pulse.” The electrical pulses going into the quarts slab 
moke the quarts vibrate. Thus ripples arc produced in the mer¬ 
cury, and waves in the pattern 1101 meaning “wave, wave, no 
wave, wave” travel down the tank and strike the quarts slab at 
the far end. The quarts slab there changes its shape in the 
rhythm 1101, and it converts the waves back into oleotrioal 
pulses in the same pattern. Then we take the pulses out of the 
far end along a wire, make them stronger again with an ampli¬ 
fier, give them the right form again, and feed them back into the 
front end of the mercury tank. The mercury tank is a clover 
use of the principle of an echo, os when you call across a valley 
and the rocks answer you bock. We can store a pattern of 400 
pulses (each a unit of information, a 1 or a 0, and each a mil- 
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lionth of a Booond In duration), in a mercury tank about 20 
inohee long. A mercury tank and an echo are examples of delay 

Unee —'*linee” along which waves are "delayed/' 

■ 

Elactroftdtk Storage Tube 

Another of the memory devices being developed is called an 
iiectroatatic atorage tube (see Fig. 4). This is a big electronic 
tube with a acreen across one end. The screen may be of two 
layers: one of copper, which conducts electricity, and one of 
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Fio. 4. Electros talie slonice lube. 


mica, a material that does not. In the other end of the tube is 
a beam of electrons, which we can turn on and off and shoot at 
any of 2 or 3 thousand speciflo points or apote on the screen. 

There are two sises of eisefne charge or quantity of electrons; 
we can call these 1 and 0. In about a millionth of a second, we 
can put either sue of charge on one of the spots of the screen. 
With other circuits we can keep it there as long as we want, if 
the power does not flicker off. We can “remember” perhaps 2 
or 3 thousand units of infonnation in one of those eloctronio 
tubes. We can read, write, or erase any unit of information in 
a few millionths of a second. 

Neither the mercury tank nor the electrostatio storage tube 
had, by the end of 1947, been put into a working mechanical 
brain. But there is good reason to believe that they will bo suc¬ 
cessful devices and will open up a new era of speed in storing 
and referring to infonnation. In fact, several laboratories arc 
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developing eleotronio caloulatang oirouits using theee devioes 
which will perform up to 100,000 odditiona a second or 10,000 
multiplications a second. Our minds certainly stagger at tiie 
thought of such speeds. 

NEW OPBIATION5 

Many kinds of combining operotions have already been built 
into one or more mechanical bmms. The operations may be 
arithmetical: addition, subtraction, multiplication, division, look¬ 
ing up numbers in tables, eto. Or the operations may be logical: 
comparing, selecting, checking, eto. Additional logical opera- 
tions will be built into some of the mechanical brains now being 
constructed: sorting, collating, matching, merg^g, eto. 

NEW IDEAS IN PROGRAMMING 

Programming —the way to give instruotions to maohinee—^is 
also being studied in the laboratories. Several new ideas of im¬ 
portance have developed as a result. 

One idea is that the machine sliould bo able to store its instruo¬ 
tions or program or rouftna in its memory in just the same 
physical ways as it stores numbers. There is basioally no reason 
why numbers only should be stored in some registers, and in¬ 
structions only stored in other registers. 

Another idea is that the machine should have in its perma¬ 
nent memory any subroutine it may need. For example, a sub¬ 
routine sliould always bo available in the moohino for finding 
aqyare root. At any time when, a square root was needed, we 
would only have to coll on the maoliine for the subroutine of 
square root. The machine would then consult the riglit part of 
its memory and carry out the subroutine for square root. 

A third idea, and one of the most interesting, is that the ma¬ 
chine should be able to compute its own instructions. For 
example, consider a program for finding the product of two 
matricst (see Supplement 2), each of 100 terms in an aiTay of 
10 columns and 10 rows, resulting in a new matrix of 100 terms. 
The whole program can be made to consist of about 60 orders. 
Only one of them is "multiply,” and only one of them is "add”; 
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the other orders oonsiat of how to choose eaq>r oon lonB to be mul¬ 
tiplied or addedj etc. 

Such problems as these are often fasoinating to mathemati- 
ciaziB, who love to play with the intricate ideas needed. 

NEW IDEAS IN REUABIL1TY 

Reliability has a number of aspects: 

1. No wrong results allowed out of the machine. 

2. Few failures. 

8. Rapid location of failures. 

4. Quick repair or replacement of parts that fail. 

6. Saay msdntenanoe. 

6. Unattended operation oyemig^t. 

For example, Bell Laboratories proved that mechanical brains 
oan be built so that no wrong results are allowed to come out. 
In other words, the machine checks itself all the time as it goes 
along and stops at once if the check shows that something is 
wrong. This is likely to be a standard feature of new automatic 
thinking machinery. 

The frequency of failures in the machinery being designed in 
the laboratories may be of the order of one or two mechanical 
failures a week. For any tyx>e of failure an alarm circuit and 
trouble lights will show what part of the machine needs atten¬ 
tion. Plug-in parts for replacement are already in use in at 
least two of the four meohanioal brains described and should be 
available in all the new machines. It is possible to build a 
machine that will automatically change fnim failing equipment 
to properly functioning equipment For some years though, this 
may be too expensive to be reasonable. 

The use of magnetic tape for storage reduces greatly the 
number of parts and so increases reliability. For example, in¬ 
stead of 18,000 electronic tubes in an electronic brain, there may 
be lees than 3000. 

A final degree of reliability is gained when moat of the time 
the machine opemtee unattended. Then, there is no human 
operator standing by who may fail to do the correct thing at 
the moment when tiio tnoohine needs some attention. In fact, 
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-Uie motto for the room housing a mechanioal brain ahould be¬ 
came, “Don’t tliink; let tho machine do it for you.” Unattended 
operation from the end of one working day to the beginning of 
the next, with the machine changing itself from one problem to 
another problem, has already been proved possible on the Bell 
Laboratories machine. 


AUXlUARY DEVICES 

Id order to use a mechanical brain, we have to give it and 
take from it language that it understands, machine language. 
A mechanical brain tliat can do 10,000 additions a second can 
very easily finish almost ail its work at once. How can we, slow 
as we are, keep our friend, the giant brain, busy? We have 
found so far several answers to this questian, none of them yet 
very good. 

Devices for preparing input will be very important. For each 
brain, we shall need a great many of these devices. For, at best, 
we typo at a rate, say, of 4 characters a second, selecting any 
one of some 38 keys, each of which is equivalent to about 6 units 
of information. This is about 800 tmits of information per 
second. The machine, however, is likely to be able to gulp in¬ 
formation from its input mechanism at tho amaiing rate of 
60,000 units of information per second, equal to 76 people typ¬ 
ing with no mistakes and no resting. Fortunately, at least some 
of the time tho machine will be busy computing 1 

For an input-preparation device, we may get something that 
can bo fastened to an ordinary typewriter and that will produce 
magnetic tape agreeing with what is printed by the typewriter. 
Since tho input information must be carefully verifled, we shall 
need a second magnetic-tape device such os exists for paper tape 
on tiie Bell Laboratorios machine: the ‘processor. The processor 
takes two hand-prepared tapes, compares them, reports any dif¬ 
ferences, and produces a third tape. Tho tlurd tape copies the 
two originnl tapes if they agree, and it receives corrected infor¬ 
mation as furnished by a girl at a keyboard if the two original 
tapes disagree. 

For information already on punch cards, we need an input 
device tliat will read punch cards and write on magnetic tape. 
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Where infonnation ie on punched paper tape, we need a maohine 
that will read punched paper tape and write on naagnetic tape. 

Problem data, tables of numbere, and routine inatructione will 
go into the naenhanical brain. They will all be prepared on 
regular input devioee. The maohine will accept information in 
the form in which it ia most convenient for you and me to pre¬ 
pare it. Then, the maohine will be instructed to change tlie 
information into the form with which it is moat convenient for 
the maohine to operate. 

Many output devices will also be needed, ainoe the znaohino 
will be able to produce information very swiftly. Those output 
devices might be cabled to the maohine. A kind of traffic con¬ 
trol B 3 rBtem would govern them. Bach will have a magnetic tape 
that will be loaded up swiftly with information. Tlien the 
output devioe will unload ite infonnation more slowly, in any 

form that we may desire: printing, graphs, film, punch cards, or 

_ ■ 

punched paper tape. 

The maohine is likely to be able to put out information on 
mognetio tape at the same high speed of 60,000 units of infor¬ 
mation per second or 10,000 characters per second. But the best 
printing speed of an electric typewriter is about 10 or 12 char¬ 
acters a second. Card-punching speed is about 180 oharaoters 
a second. Punch-card tabulator speed can reach a maximum of 
about 200 oharaoters a second. Thus we see that here, too, we 
may be snowed imder with the infonnation that the giant brain 
puts out, if we fail to ask the giant only for what we really want. 

MECHANICAL BRAINS UNDER CONSTRUCTION 

This chapter would not be complete without mention of the 
great mechanical brains that wore actually imder construction at 
the end of 1047. In p>awer they are intermediate between the 
machinery now being designed, described in this chapter, and 
the earlier machines described in the previous chapters of this 
book. 

The mechanical brains under construction on December 31, 
1947, were: 

Harvard's Sequence-Controlled Relay Calculator Mark 71, 
constructed at the Hansard Computation Laboratory, 
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tested there July 1947 to January 1948, and delivered to 
the Naval Proving Qround, Dahlgren, Ya., in 1048. 

The IBM Salacttve-jSe^uence EUctronio Calculator, oon- 
struoted in the IBM laboratoriee, ISndioott, N. Y., and 
installed in 1947 at the offloe of International BusmesB 
Maohinee, 690 Madiaon Ave., New York, N. Y. 

Moore School of Eleotrical Engineering’s BDVAG (Eleo- 
tronio Digital Variable Automatic Computer) being oon- 
Btruoted partly at Moore Sobool and partly elsewhere, and 
to be deliver^ to the Ballistio R^aroh Laboratoriee, 
Aberdeen, Md. 

Harvard’s Sequenoe^ontrollod Electronic Calculator Mark 
Illf being constructed at tiio Harvard Computation Labo¬ 
ratory, and to be delivered to the Naval Proving Qround, 
Dahlgren, Va. 

We shall cover briefly (and perhaps a little technically) some 
of the main features of the first two of these machines; for, dur¬ 
ing 1948, they began to do problems. The oilier two had not 
been finished by the end of 1948 and so would bo difficult to do- 
Boribe correctly, for meohEinical brains flrrow, and design changes 
go on until they are finished—and even afterwards. 

Some information about these machines can be obtained from 
the organisations referred to above and from reports that should 
appear from time to time in some of the journals mentioned in 
Supplement 3. There is also a regular section entitled ’’Auto¬ 
matic Computing Macliincry” in the quarterly Mathsmatical 
Tables and Other Aids to ComptUation, whore it is Ukely that 
current information may be found. 

Harvard’* Marie II 

The Harvard Sequence-Controlled Calculator Mark XI be¬ 
gan to do problems under test during July 1947. This machine 
is at least twelve times as powerful os Mark 1 (see Chapter 6) 
and was constructed entirely by the Harvard Computation Labo¬ 
ratory. The machine contains about 13,000 relays of a new 
typo that will operate reliably within Vioo of a second. 

Numbers in the machine are regularly of 10 decimal digits- 
between 1.0000,00000 and 0.9900,09090, inclusive, multiplied by 
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a power of 10 between 1,000,000}000,000,000 and 0.00000jOOOOOi- 
OOOOl, inoluaive. 

For storage of numbere, the machine has 100 relay registen 
totaling about 1200 decimal digits. Also, it can ocmsult any one 
of 8 tape feeds for numbers and any one of 4 tape feeds for 
instmotians. EffeotiToIy, the machine can read one number and 
one instruotiou from paper tape in %q of a second. 

The machine perfomos all aritfametioal and most logical opera- 
tiona In every second it can carry out 4 multiplications, 8 
additions (or subtraoticms), and 12 transfers. Division is per¬ 
formed by rapid approximation using the other operations. 

In each second the machine can perform 30 instmotions. An 
instruction is expressed by 6 digits between 0 and 7 which you 
can select and, in effect, by 3 more digits fixed by the time 
(within the second) when the machine reads the instruction. 
For example, In the 0th instruction of the 30 instructioDB in 
each second, we can specify a multiplicand. But, if we do not 
want to multiply right then—a rare event if we are coding 
wisely—^we leave the 9th instruction empty. The machine may 
operate as a whole, attending to one problem; or the machine 
may bo separated into halves, and each half will attend to its 
own problem. 

The IBM SelecHvtt-Sequenca Electronic Calculator 

The IBM Selective-Sequence Electronic Calculator was an-* 
nonneed publicly on January 27, 1948, after some months of 
trial running. It is a large and powerful mechanical brain, and 
it is the intention of International BusinesB Machines to devote 
it to solving scientiflo problema The staff of tlie Watson Soien- 
tiflo Computing laboratory in New York will be mainly in 
charge of the machine. 

The machine contains about 12,500 eleotronio tubes and about 
21,600 relays. Numbers in the machine are regularly of either 
14 or 10 decimal digits. Instructions are expressed as numbei'S. 
For storage of informatioa, the machine has a capacity of 8 
registera totaling 160 decimal digits of very rapid memory in 
eleotronio tubes. Also, it has about 160 registers totaling 3000 
decimal digits of less rapid memory in relaya Also, it can con¬ 
sult any one of 66 paper tape feeds; each row on a paper tape 
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}aa hold op to 78 punched holes or 19 decimal digital and Uie 
naohine can consult 2€ rows on one tape in one eecond. These 
paper tapes together give the machine about 400,000 decimal 
digits of memory. 

For arithmetioal and logioal operationB, the machine has an 
arithmetioal imit using oleotronio tubes. This unit can carry out 
about 60 multiplications or about 250 additions per second, in¬ 
cluding the transfers of numbers. In each second the machine 
can read and perform 60 instructions, and each instruotioD oon- 
sists, usually, of getting two numbers out of two relay registers, 
performing an operation, and putting the result into a third 
relay repster. 

Eckarf-Mouchly't Blnoc 

As this book went to press, another meohEinioal brain, the 
Meotronio Binary Automatic Computer, or BINAO, was an¬ 
nounced on August 22, 1940. This machine was oonetructed by 
the Eokert-Mauchly Computer Corporation, Philadelphia, Fa., 
for Northrop Aircraft, Inc., HawUiome, Calif. 

This machine has some remarkable properties. It does addi¬ 
tion or subtraction at tho rate of 8600 per second. It does multi¬ 
plication or division at the rnto of 1000 por second. The input 
is from a keyboard or magnetic tape; the output is to inagncbio 
tape or an electric typewriter. Binao has 612 registers of very 
rapid memory in mercury tanks, and each renter holds 30 binary 
digits. Tlie machine actually is a pair of twins: tho storage, tho 
computing element, and the control arc double, and each twin 
runs in stop with the other and checks every opeiation of the 
other. In tests in July tho machine ran over 10 oonsooutive hours 
with no error. Raoh twin has only 700 olootromo tubes. Binao 
handles all numbors in binary notation, oxoept that the keyboard 
and the typowritor express numbers in octal notation (see Supple¬ 
ment 2). Finally, Binao is only 6 foot high, 4 feet long, and one 
foot wide. 



Chapter 11 


THE FUTURE* 

MACHINES THAT THINK, AND WHAT THEY MIGHT 

DO FOR MEN 


The pea is mistier than the sword, H is often said. And if 
this is true, then the pen with a motor may be mistier than the 
sword with a motor. 

In the Middle Agee, there were few kinds of weapons, and it 
was easy for a man to protect himself against most of them by 
wearing armor. As gunpowder came into use, a man could no 
longer carry the weight of armor that would protect him, and 
so armor was given up. But in 1917, armor, equipped with a 
motor and carrying the man and his weapons, came back into 
servioe—as the tank. 

In much the same way, in the Middle Ages, there were few 
books, and it was easy for a man to handle nearly all the infoT' 
mation that was in books. As the printing press come into use, 
man's brain could no longer handle all recorded information, 
and the effort to do so was given up, But in 1944, a brain to 
handle informatioDj equipped with a motor and supporting the 
man and his Teoaoning, came into ezistonofr—as the sequence^ 
controlled calculator. 

In previous chapters we have examined some of the giant 
mechanical brains that have been finished; we have also con¬ 
sidered the deeign of such machines. Now in this ohapter we 
shall discuss the future dgnifioanoe of machines that think, of 
motorised infoimation. We shall discuss what we con foresee if 
we look with imagination into the future. 

There ore two questions we need to oek: What types of ma¬ 
chines that think con we foresee? What types of problems to 

be solved by these machines can we foresee? 
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FUTURE TYPES OF MACHINES THAT THINK 

The machinee that already exist show that some prooeases of 
thinking can already be p>erformed Yory quickly: 

Caloulating: adding, subtraoting, * ■ * 

Reasoning: oomparing, selecting, * * * 

HeXerring: looking up information in lists, * ■ • 

We can expect other processes of thinking to come up to hi^ 
speed through the further development of thinking machines. 

Automatic Addreu Book 

Nowadays when we wish to send out announcements of an 
event, like going to South America for a year, we may copy the 
addresses of our friends onto the envelopes by hand. In the 
future, we can see our addreea book as a spool of magnetic tape. 
When we wish to send out announeements, we put a stack of 
blank envelopes into the maoMne that will read the magnotio 
tape, and we press a button. Out will come the envelopes ad¬ 
dressed. 

If we wish to select only those friends of ours whose last 
names we put down on a list, we can write the list on another 
magnetio tape, place it also in the machlno; and set a few 
switches. Then the machine will road the names on the list, 
find their addresses in the nddrcsB-hn<ik tape, and prepare only 
the envelopes wo want. If a friend’s address changes, we can 
notify the machine. It will find liis old address, erase it, and 
enter the new address. 

Automatic Library 

We oan foresee the development of machinery that will moke 
it possible to consult information in a library automatically. 
Suppose that you go into the library of the future and wish to 
look up ways for making biscuits. You will be able to dial into 
the catalogue machine "making bisouitB." There will be a 
flutter of movie film in the machine. Soon it will stop, and, in 
front of you on the screen, will be projected the part of the 
catalogue which shows the names of three or four books contain¬ 
ing recipes for bisouibs. If you ore satisflod, you will press a 
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btittonj a copy of what you eaw will be made for you and come 
out of the maoliine. 

After further development, all the pages of all books will be 
available by machine. Then, when you press the right button, 
you will be able to get from the machine a oopy of the exact 
recipe for biscuits that you choose. 

We are not yet at the end of foreseeable development. There 
will be a third stage. You will then have in your home an auto- 
xnatio eobking machine operated by program tapes. You will 
stock it with various supplies, and it will put together and cook 
whatever dishes you desire. Then, what you will need from the 
library will be a program or routine on magnetic tape to control 
your automatic cook. And the library, instead of producing a 
pictorial oopy of the recipe for you to read and apply, will pro¬ 
duce a routine on magnetic tape for controlling your cooking 
machine so that you will actually get excellent biscuits I 

Of course, you may have other kinds of automatic producing 
machinery in your home or office. The furnishing of routines to 
control automatic machinery will become a business of impor- 
tanoe. 

Automatic Translator 

Another machine that we can foresee would be used for trans¬ 
lating from one language to any other. We can call it an onto- 
matie translator. Suppose that you want to say ^rBow much?” 
in Swedish. You dial into the machine "How much?” and press 
the button 'Swedish,” and the machine will promptly write out 

“Hut myoket?” for you. It also will pronounce it, if you wish, 

■ 

for there would be little difficulty in recording on magnetic tape 
the premunoiation of the word os spoken by a good speaker of 
the language. The machine could be set to repeat the pronun¬ 
ciation several times so that the student could really loam the 
sound. He could learn it better, probably, by hearing it and 
trying to say it than he could by using any set of written 
symbols. 

Automotfe Typist* 

We now come to a possible machine that uses a new principle. 
This principle is that of being able to recoffnise signs. This 



FDTUBB TYPES OP MAC3HINBS THAT THINK 


188 


maohine would perceive writing on a piece of paper and reoo^ 
nUe that all the a’e that appear on the pi^Mr ore oasea of a, and 
that all the 1/b that appear on it are insbanoee of bf and eo forth 
The machine could then control an elootrie typewriter and copy 
the marks that it sees. The first stage of this machine would 
be one in which only printed characters of a hi^di degree of like¬ 
ness could be recognised. In later stages, handwriting, even 
rather illegible handwriting, might bo recognisable by the ma- 
china We can call it an automatic typist. 

The elements of the automatio typist would be the following: 

1. Phototubos (eleotronlo tubes sensitive to the brightness 

of light), which could sense the difference between 
black and white (these already exist). 

2. A memory of the shapes of 52 letters, 10 digita, and 

punctuation marks. Fine distinotionB would bo re¬ 
quired of this memory in some cases—like the differ¬ 
ence between the numeral 6 and the capital letter 8. 

3. A control tliat would cause the maohine to tune itself, so 

that a good matching between the marks it obaervod 
and the shapes it remembered would bo reached. 

4. A triggering control so that, when tlie machine hod 

reached good enough inatoldng between its observa¬ 
tions and its memory, tho machine would proceed to 
identify the marks, rood thorn, and transfer them. 

5. An oloctrio typewriter, which would rosi>und to blio trans¬ 

ferred instruotions. (This also already exists.) 

This maohine is perhaps not so farfetched as it miglit Boom. 
During Wiirld War II, gun-oiining equipment using tho new 
technique radar reached a high stage of dcvolopmonL Many 
shots that disabled and sank enemy ships wore fired in total 
darkness by radar-eon trolled guns. On tlio glowing scroon in 
tho control room, there wore two spots, ono that marked tho 
target and one tiiat roiwrtcd tlio point at which the gun was 
aimed. Those two spots could be brought almost automatically 
into agreement. In the same way, a report from a phototube 
telling the shape of an observed mark and a report from the 
memory of Lho machine telling the shape of a similar mark could 
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be compared by the machine for likeness and, if Judged enough 
alike, oould be approved as identical. 

Even the phrase ^'enough alike*' can be applied by a machine* 
Inuring World War 11, tremendous advances were made in ma- 
ohineiy for deciphering enemy messages. Machines observed 
various features and patterns in enemy messages, swiftly counted 
the frequency of these features, and carried out statistical tests. 
Then the machines selected those few oases in which the pab* 
terns showed meaning instead of randomness. 
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Xm. 1. Bobeme for dlstinguiafaing A and f by 16 phototubes. 

A machine like the automatic typist, if made flexible enough, 
would be, of course, extremely useful. A great load of dull 
offioe work is now being thrown on clerks whose task is to trans¬ 
late from writing and typing into languages that machines can 
read, such as punch cards. At the presmit time, if punch-card 
machines are widely used in a big company, the company must 
employ large numbers of girls whose sole duty is to read papers 
and punch up cards. A still bigger chore is the work of typists 
in all kinds of busmeeses whose main duty is to read hand¬ 
writing, etc., and then copy the words on a typewriter. 

Besearoh has already begun on various features of the auto¬ 
matic typist because of its obvious labor-saving value. For 
example, many patents have been issued on schemes for divid¬ 
ing the area occupied by a letter or a digit into an array of 
spots, with a battery of phototubee each watching a spot. The 
reports from the phototubes together will distinguish the letter 
or digit. For example, if we consider A and S placed in a grill 
of fifteen spots, 6 long by 8 wide (see Fig. 1), then the photo- 
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tubes can distinguish between A and H by Bensing block or white 
in the spot in the middle of the top row. When we consider how 
easily and swiftly a human being does this, we can once more 
marvel at the recognising machine we all carry around with us 
in our heads. 


Automatic Stenographer 

Another development that we can foresee is one that we can 
call the automaiic stenographer. This is a tnoohine that will 
listen to sounds and write them down in properly spelled Eng¬ 
lish words. The elements of this machine can be outlined: 


1. Microphones, which can sense spoken sounds (these al¬ 

ready exist). 

2. A memory storing the 40 (more or less) phonetio units or 

sounds that moke up English, such os the 28 conso¬ 
nant Boimds, 


p b I 

/ * w 

t d n 

B M k 

k ff 

oh i 


Bk th (hoard In "ploanro") 

and the 17 vowel sounds, 


ng 

tk 

r 

V 

w 


Lono 

A ('W') 

B C^l”) 

I (* W') 

O {"owo*’) 

U (“onto”) 
00 (“rooP*) 


Short 

o CW”) 
e (“oml”) 
i ("In”) 
o ("on”) 
u("up”) 
oo ("book**) 


Onan 

or ("arc”) 
oto <"awo”) 
or ("orr”) 
oto ("owl”) 
of ("oU”) 


S. A collection of the rules of spoiling in English, oontain- 
ing many statements like 

Tlie sound b is always spelled fa 
The sound sh may 1>o spoiled ah (ship), a (sugar), ti 
(station), ci (physician), ce (ocean) or tu (pic¬ 
ture) 

and other statements based on context, word lists, 
derivation, etc. Those are the statemonts by moans of 




THB FDTUBE 


which a good T^eHah speller knows how to spell oven 
words that he hears for the first time, 

4^ A triggering control so thatj when the machine roaches 
good enough matohing between its observations of 
Bounds, its memory of sounds, and its knowledge of 
Bpelling rules, the machine will identify groups of 
sounds as words, determine their spelling, and report 
the letters determined. 

6. An eleotrio typewriter, which would type the r^orted 
letters. 

With this type of machine, you would dictate your letters 
into a machine (now existing) that would record your voice. 
Then the record would be placed on the automatic stenographor, 
and out would come your letters written and spaced oe they 
should be. 

Automotk Recognizer 

We can foresee a recognising machine with very general 
powers. Suppose that we call it an aiUofnatic recognisar (see 
?ig. 2). It will have the following elements: 

1. Input,. This element will consist of a sot of observing 

instruments, capable of perceiving sights, aoimds, etc. 
There will be ways of positioning or tuning these in¬ 
struments. 

2. Afetnory. This element will store knowledge. It may 

store the patterns of observations that we are inter¬ 
ested in; or it may store general rules on how to find 
patterns of observations that we will be interested in. 
It will contain knowledge about acceptable groups of 
patterns, about actions to be performed in response to 
patterns, etc. 

8. Program 1, The element ''Program 1** performs a set of 
Btondard instructians. Under these instructionB, the 
machine; 

Compares group after group of observations with the 
information in the memory. 

Compares these groups with patterns fumielied, or 
seeks to organise the observations into patterns. 
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Ckmnta oases and tests frequencies. 

Finds out how much matching with patterns 
tiiere is. 

Tunes the observing instruments in ways to increase 
matching. 



Fia. 3. Sohomo of an aulomalio rouognixer. 


4. Proffmm 8. The clement “Program 2” performs another 
sot of standard instructions. Under those instructions, 
the mochino, if it is tuned well, matches sets of ob> 
servations one after another with Uio pattoma and so 
reads them. 

0. Triggering ControL Tliis olcineiit shifts the control of 
the machine from Program 1 to Program 2. It does 
this when the maohino reaches “good matching.” Wo 
shall set the meaning of this into the machine in much 
the same way ns wo sot “wann" into a thermostat, 

6. OiUpul. This clement performs any action tliat wo want, 
depending on rocugnisod i>attcmB read and any oUier 
knowledge or instructions stored in Uio memory. 
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The automatio reoogniier will be capable of extraordinary 
taakfl, With, microphones and a large memoryj this type of ma- 
ohine would be able to hear a foreign language spoken and trans¬ 
late it into spoken or written Shiglish. With phototubes and 
with an expanded filtering and decoding capacity as in deoipbeiv 
ing machines, the automatic reoogniier should be able to read a 
dead language, even those (such as Minoan or Btrusoan) that 
have BO far resisted efforts to read it. The machine would de¬ 
rive rules for the translation of the language and translate any 
sample. 

An automatio reoogniser could perhaps be equipped with many 
sensitive, tiny observing instruments that could be placed around 
or in the brain and nervous systems of animals. Then the ma- 
ohine might enable us to find out what activity in the nervous 
system oorresponda with what aotivity in the animaL 

TYPES OF PROBLEMS THAT MACHJNS WILL SOLVE IN THE FUTURE 

We turn now to the second question regarding the future of 
maohines that think: What types of problems can we foresee as 
solved by these maohines? 

Probleini of Control 

Probably the foremost problem which machines that think can 
solve is automatio control over all sorts of other machines. Tins 
involves controlling a machine that is running so that it will do 
the right thing at the right time in response to information. 
Por example, suppose that you are mowing a lawn with a mow¬ 
ing machine. You watch the preceding etrip so as to stay next 
to it. You watch the ends of the strips, where you turn around. 
If a stick is caught in the cutting blade, you stop and take it 
out. Now it is entirely possible to put devices on the mowing 
maohine so that all these things will bo taken care of autoraati- 
oally. In fact, in the case of plowing a large field, a tractor 
plow can be equipped with a device that guides it next to the 
preceding furrew. Thus, once the first furrow around the edge 
has been made, riderless tractors will plow a whole field and 
stop in the middle. 
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For another example, take a gas fumaoe for heating eteam to 
keep a house warm. Such a furnace has automatic controls, 
which respond to the following information whenever reported: 

House too warm. 

House not warm enough. 

Too much steam pressure. 

Not enough water in boUer. 

Qas flame not lit. 

Daytime, 

Nighttime. 

In fact, your own moaning of *'warm” can be put into the con¬ 
trol system: you sot the dial on your thermostat at the tempera¬ 
ture that "warm*’ is to bo for you. 

In ihe future many kinds of automatic control will bo com¬ 
mon. We shall have automatic pilots for flying and landing air¬ 
planes. We shall have automatic missiles for destructive pur¬ 
poses, such 08 bombing and killing, and for constructive pur¬ 
poses, such 08 delivering mail and fast freight. An article in 
tho magasino Pmtune for November 1946 deecrilied the auto¬ 
matic factory (soe Supplement 3). This is a factory in which 
there would be automatic arms for holding stuff being manufac¬ 
tured, and automatic feed linos for supplying material just where 
it is needed. All this factory wuuhl be oontn)llo<l by inavliincs 
that handle information autoniaticnlly and pnxluco actions that 
reaiwnd to in formation. 

This prospect fills us with onncom os well ns with amasoment. 
How shall we control those aiitcnnntio nuichinos, these robots, 
tlieso FrankensteinB7 Wbnt will there be left for us to do to 
earn our living? But more of this in tbo next chapter. 

Problamt of Science 

Other problems for which we con foresco tho use of mncliinos 
that think are the understandiiig, and later the conlmlling, of 
nature. One of those problems is weather forecasting and 
weather oontrol. 

The Weather Brain 

We can imagine Uic following typo of machine—n weaOwr 
brain. A thousand weather observatories nil over the country 
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obflSFVo the weather at 8 a.&c. The obeerrationa are fed auto- 
inatioally through a countrywide network of communication linee 
into a ooatral station. Here a giant machine, containing a great 
deal of soientiflo knowledge about the weather, takes in all the 
data reported to it. At 8:15 the weather brain starts to calcu¬ 
late; in half an hour it has finished, having produced an excel¬ 
lent foreoast of the weather for the whole country. Then it 
proceeds to transmit its forecast all over the country. By 8:60 
every weather station, newspaper, radio station, and airport 
in the country has the details. In October 1045, Dr. Y. K. 
Zworykin of the Prinoeton Laboratories of the Radio Corpora¬ 
tion of America proposed solving the problem of weather fore¬ 
casting in this way by a giant brain. 

The weather brain will have a second stage of application. 
Prom time to time and hero and there, the weather is unstable: 
it can be triggered to behave in one way or another. For 
eixample, recently, pellets of frozen carbon dioxide —often called 
Dry Ice—have been dropped from planes and have caused rain. 
In fact, a few pounds of Dry Ice have apparently caused several 
hundred tons of rain or snow. In similar ways, wo may, for 
example, turn away a hail storm so that hail will fall over a 
barren mountain instead of over a farming valley and thus pi'o- 
teot crops, Or wo may dispel conditions that would load to a 
tornado, thus avoiding its damage. Both these oxamploe involve 
local weather disturbances. However, even the greatest weather 
disturbances, like hurricanes and blissards, may eventually be 
directed to some extent. Thus the woatlior may become to some 
degree subject to man’s control, and the weather brain will be 
able to tell men where and when to take action. 

Piyehologlcal Tutfng 

Another eoientiflo problem to which new maohinory for han¬ 
dling information applies is the problem of understanding human 
beings snd their behavior. This increased understanding may 
lead to much wiser dealing with human behavior. 

For example, consider tests of aptitudes. If you take one of 
these tests, you may be asked to mark which word out of five 
suggested ones is nearest in meaning to a given word. Or your 
test may be 40 simple arithmetical problems to be solved in 25 
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oiinuteB. Or you may be given a sheet with 20 oiroles, and be 
asked to put 3 dots in the first, 7 dots in the second, 4 dote in 
the third, 11 dots in the fourth, and so on, irregularly; you may 
be given a total of 46 seconds to do thia as well as you can. 
Now, if a vocational counselor gives yoru one of these tests, and 
if you get 84 out of 100 on it, ho needs to know just what ho 
has measured about you. Also, he needs to know whether he 
can reasonably forecast that, as a result of your grade of 84, 
you will be good at writing articles, or good at supervising the 
work of other people, or good at designing in a machine shop. 
He needs to know the records of people with eoores of about 84 
on this test and to have evidence supporting his forecasts. 

If we wish to make the most use of the tests, we need to carry 
out a good deal of statistics, mathematics, and logic. For 
example, it will turn out that answers to some qiiestioiis are 
much more significant than answers to otliors, and so we can 
gl^atly improve the quality of tho tests by keeping only the 
more significant questions. Powerful machinery for handling 
calculations will be very useful in the field of aptitude toetiog. 

But, you may ask, what if tho person analysing your answers 
has to use interpretations and judgments? If the judgments and 
interpretations can bo expressed in words, and if the words can 
bo translated into mnehino language, tlien tho machine can carry 
out the analysis. Usually the difforenoo between a rule and a 
judgment is simply this; a rule in a caeo in which it is hard to 
express all tho factors being considered is cal loti a judgment. 

Psychological Trainer 

It is conceivable that machines that think can eventually be 
applied in tho actual treatmont of mental illness and maladjust¬ 
ment. Consider wlmt a physician docs. In treating a paychintrio 
case, such ns a neitforis, a physician uses words almost entirely. 
Ho asks questions. Hu listens to tho patient’s anawors. ISaoh 
answer takes tho physician nearer and nearor to a diagnoeiB. 
By and by tlio physician knows what most of the difficulty is. 
Then ho must present his knowlcdgo slowly to tho pationt, 
gradually guiding the patient to understanding. It is a psyoho- 
logioal truth that telling a man in ton minutes what is wrong 
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with him does not cure him. The physlolnn seeks to free the 
patient from the tormenting oirolee of habit and worry In whioh 
he has been trapped. Often the diagnosis la short and tho 
treatment Is long; the reasons for the neurosis may soon be clear 
to the physloian, but they may take months to become dear to 
the patient. 

Now let us consider the following kind of machine as an aid 
to the physician. We might call this kind of machine a psycho- 
loffical trainerf for in many ways it is like the training maohinoa 
used in World War 11 for training a pilot to fly on airplane. The 
psyohologioal trainer would have the following properties: 

1, The machine is able to show sound movies—produce pio- 
turee and utter words. 

3. It is able to put before the patient: situations, problems, 
questions, experiences, etc. 

3. It is able to take in responses from the patient. 

4. It is able to receive a program of instructions from tbs 

physician. 

6 . Depending on the responses of the patient and on the 
program from the physician, the training machine con 
select more material to put before the patient. 

6 . The training machine produces a record of what it pro- 
sented and of how the patient responded, so that the 
physician and the patient can study the record later. 

What sort of fllius would the machine hold? The machine 
could be loaded with a number of films which would help in tho 
particular typo of neurosis from whioh the patient was suffering. 

What sort of responses could the patient make? The pationt 
might have buttons in front of him whioh he could press to 
indicate such answera as: 

^68 I don't know Bopeat 

No It dapends Qo 

Also, the patient might hold a devioe-^ike a lie detector, per¬ 
haps—whioh would repnit his stats of tenseness, etc., and so 
report what he really felt. 

Where would the machine’s questions come from? From one 
or more pbysioianB very clever in the treatment of mental illnoss. 
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Suppose that the patient is inoonsistcnt in his answers T The 
inaohine, diseovering the inconsistenoios, could return to the 
subject and ask related questions In a different way. As soon 
as several questions related to the same point are answered con¬ 
sistently, the machine could exclude groups of questions that no 
longer apply and could proceed to other questions that would 

still apply. 

Patients would vary in their ability to go as fast ns the ma- 
chine could. So from time to time the machine would ask ques¬ 
tions to test the effect of what it had presented; and, depending 
on the answers, the machine would go faster or would bring in 
additional material to clarify some point. 

This raaobine might have a few advantages over ordinary 
treatmonL For example, with the maohine, treatment docs not 
depend on the physician's making tlio right answer in a split 
second, as it may in a personal interview. Also, the patient 
might be franker with the machine than with the physician, for 
it might be arranged that the patient could review his rorcjrd, 
and then decide whether to confess it to liis ])hysieinu. 

Such a machine would oniiblo physicians to brent many more 
patients than they now can. In fact, it is osLitiialtuI that nearly 
50 i)cr cent of imrsons who consult physieinns aiu sulTering only 
from mental illness. Such a machine would therefore bo n 
great help. 

Problems of Business 

Another largo group of problems for which wo can foresee the 
use of inaohincB that lliink is found in iMisitieHs aiul I'coiieinicK. 

For example, consider ]>roitiictiun sche<lu]iiig in a busiiu^HH or 
a factory. Tlio mncliino takes in a description of earh order 
received hy the business and a doscriptioii of its rt‘lativ(f iirgt*ney. 
The maohine knows (that is, has in its memory) liow much of 
each kind of raw material is noedwl to fill the ortler and what 
equipment and manpower arc nt!e<lc<[ to prtxliiee it. The ma¬ 
chine makes a schodulo showing what particular men and wlial 
particiUar equipment are U) l>e sol to w*)rk to pnalueo tlie onlcr. 
The machine turns out the best iMwsible production stdiedulo, 
showing who should do what when, so that all the tinlers will ho 
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filled in the beet a^uence. What is the “best" eequenoeT We 
oan decide what we think is the best BequenoSi and we can set 
the machine for making that kind of eeleotionj in the same way 
as we decide what is “warm" and set the thermostat to pro¬ 
duce iti 

On a much larger scale, we oan use mechanical brains to study 
economic relations in a society. Everything produced in a so¬ 
ciety is made by oonsuining some materials, labor, equipment, 
and skill. The output produced by one man or factory or in¬ 
dustry becomes the input for other men, factories, industries. In 
thifl way all economic units are linked together by many dif¬ 
ferent kinds and degrees of dependence. The situation is, of 
course, complicated: it changes os time goes on and os people 
wont diftorent things produced. Eoonoiuists have already set 
up simple models of eoonomio societies and have studied them. 
But with machines that think, it will be possible to set up and 
study for more complicated models—models that are very much 
like the society we live in. We oan then answer questions of 
economioB by calculation instead of by arguments and counting 
noses. We shall be able to solve definitely such problems as: 
"How will a rise in the price of steel affect the farming indus- 
try?" "How much money must be paid out as wages and salaries 
BO that consumer purchasing power will buy back what industry 
produces?" 

Machine! and the Individual 

What about the ordinary everyday effects of these machines 
upon you and me as an individual? We can see that the new 
machinery will apply on a small scale even to us. Small ma¬ 
chines using a few electronic tubes—much like a radio set, for 
eixample—and containing spools of magnetic wire or magnetic 
tape will doubtless be available to us. We shall be able to use 
them to keep addresses and telephone niunbers, to figure out the 
inoome tax we should pay, to help us keep accounts and moke 
ends meet, to remember many things we need to know, and per¬ 
haps even to give us more information. For there are a great 
many things that all of us could do much better if we could 
only apply what the wisest of us knows. 
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SOCIAL CONTROLi 

A\ACHINES THAT THINK AND HOW SOCIETY AAAY 

CONTROL THEM 


It is often easier for men to create a device than to guide it 
well afterwards: it is often easier for a scientist to study his 
science than to study the results for good or evil that his dis- 
ooveries may lead to. But it is not right nor proper for a Boien- 
tist^ a man who is loyal to truth as an ideali to have no regard 
for what his discoveries may lead to. 

This principle is now being widely recognised. Many scien-' 
tists today—both as individuals and as groups, and especially 
the atomic soientiste—are considering the results of their soion- 
tifio discoveries; and they are sharing in the effort to render 
those results truly useful to humanity. 

It would bo easy to leave out of this book any disouBsion of 
how machines that t hink may be controlled, any oonsidorabion 
of how they may be made truly useful to humanity. But that 
would be hardly right or proper. In concluding a book such as 
this one, that touches on many aspects of machines that think, 
we need to consider what can and should be done to make such 
machines of true benefit to all of humanity. 

So, we come to the most important of all our queetions; What 
sort of control over machines that think do we need in human 
society? 


MACHINE THAT BOTH THINKS AND ACTS 

I^rom a narrow point of view, a machine that only thinks pro¬ 
duces only information. It takes in information in one state, 

loe 
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ftnd it puts out infonnatioii in unothor stuto. From t-hiB viow' 
point, infonnAtion in itself is harmless, it is just an arrange¬ 
ment of marks j and accordingly, a machine that thijikq is harm¬ 
less, and no control is neoessaiy. 

Although it is true that the information produced only be¬ 
comes good or evil after other machinery or human beings act 
on the information, in reality a machine with the power to pro¬ 
duce information is constructed only for the reason of its use. 
We want to know wliat such maohinoe can tell us only because 
we can then proceed to act much more efficiently than before. 
For example, a guided missile needs a mechanical brain only 
because then it can reach its target. In all oases mechanical 
brains are inseparable from their uses. 

For the purposes of this chapter, the narrow yiew will be re¬ 
jected because It dodges the issue. We shall be much oonoemed 
with the oombination of a machine that thinks with another 
machine that acts; and we shall often call this combination the 
robot machxM. 


READING THIS CHAPTER 

Now, before launching further into the discussion, we need to 
say that the conclusions suggested in this chapter are not final. 
Sven if they are cxiirossod a little positively in places, tlioy are 
nevertheless subjeob to change as more infonnabion is discoveLtid 
and as the appraisal of information changes with time Also, 
almost any oonolusiona about social control—including, cer¬ 
tainly, the oonoluBions in this chapter—are subjaot to oontro- 
vorey. Bub controversy is good: it loads to tluiuglit. The more 
minds that go to work on solving the problem of social control 
over robot moohinos and other products of the now toolmology— 
which is rushing upon us from the discoveries of the scientists— 
the better off wo all \vill be. If, while stimulating disagrooment, 
the ideas expressed in this chapter should succeed in stimulating 
thought and doliboratiun, the purpose of thin ohaptor will bo well 
fulfilled. 

Up to this point in this book, the emphasis has been on pos¬ 
sibilities of benefits to humanity that may arise from maohinos 
that think. In this chapter, devoted as it is to the subject of 
control, the omphasis is on possibllitios for harm. Both ])oefii- 
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biliilea are valid, and the happening of eitiier depends upon, the 
aotiona of men. In muoh the same way, atomio energy is a 
great possibility for benefit and for barm. It is the nature of 
oontrol to put a fence around danger; and so it is natural in this 
chapter that the weight of attention should shift to the dan¬ 
gerous aspeots of machines that think. 

Perhaps a reader may feel that a chapter of this kind is rather 
out of place in a book, such as this one, that seeks to be scien¬ 
tific. If BO, he is reminded that, in aooordanoe with the general 
Buggestians for reading this book stated in the preface, he should 
omit this chapter. 


FRANKENSTBN 

Perhaps the first study of the consequences of a maohine that 
thinks ifl a prophetic novel oalled PranhenatedaUf written more 
than a Inmdred years ago, in 1818. The author, then only 21 
years old, was Mary W. Godwin, who became the wife of the 
poet Percy Bysshe Shelley. 

According to the story, a young Swiss, an ardent student of 
physiology and chemistry, Victor Frankenstein, finds the secret 
of life. He makes an extremely ugly, clever, and powerful mon¬ 
ster, with human desires, Frankenstein promptly fices from his 
laboratory and handiwork. The monster, after seeking under 
great hardships for a year or two to earn fair treatment among 
men, finds himself continually attacked and harmed on account 
of his ugliness, and be becomes embittered. He begins to search 
for his creator for either revenge or a bargain. When they meet: 

"I expec te d this reeexrtkm,” said the daemon. 

"AH men hate the wretobed; how then must I be hated who am 
miserable beyond all living thingal Yet you my creator detest and 
spfuni me, thy creature, to whom thou art bound by tiee only dissoluble 
ly the a rmihilufinTi of one of 08. You puipose to kill me. How dare 
you sport thus with life? Do your duty towards mo, and I will do 
mine towards you and the rest of mankind. If you will comply with 
my conditums, I will leave them and you at peace; but if yon refuse, 
I will glut the maw of death, until it be satiated with the blood of your 
remaining friends.” 

Frankenstein starts to comply with the main condition, which is 
to make a mate for the monster; but Frankenstein cannot bring 
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himself to do it. So the monster oausee the death one after 
ancther of all Frankenstein’s family and oloeeet friends; and the 
tale finally ends with the death of Frankenstein and the disap¬ 
pearance of the monster. 

As the dictionary says about Frankenstein, ^The name has 
become a synonym for one destroyed by bis own works.” 

ROSSUM’S UNIVERSAL ROBOTS 

Perhaps the next study of the oonsequenocs of a maohine that 
thinks is a remarkable play called R.VM, (for Koesum’s Uni¬ 
versal Robots), first produced in Prague in 1921. Karel Capok, 
the (Dxeoh dramatist who wrote it, was then only 31. The word 
“robot" comes from the Cxech word “robota," meaning compul¬ 
sory servioe. 

According to the play, Roasum the elder, a scientist, discovered 
a “method of organising living matter" that was “more simple, 
flexible, and rapid" than tlie method used by nature. Bosaum 
tlie younger, an engineer, founded a factory for the moss pro* 
duotion of ortifioial workmen, robots. They had the form of 
human beings, intolligonoe, memory, and strength; bub they were 
without feelings. 

In the first act, the factory under Harry Domin, General Man¬ 
ager, is busy supplying robots to purohasora all over tho world— 
for work, for figliting, for any purtwse at all, to anyone who 
could pay for thorn. Domin declares: 

ten yoors, Rossum’s Univcnml Robots will produce so much 
com, BO much doth, bo much ovoryihing tlial things will bo pmcticnlly 
without prico. nioro will l» no poverty. All work will be done by 
living mnohinos. Everybody will bo free from worry and llbomtod from 
the degradation of labor. Evcrylxxly will live only to perfect hiroscU. 
***It’B bound to happen." 

In tho second act, ton years later, it turns out that Domin and 
tho others in chargo of tho factory have been making somo robots 
with additional human characteristics, such as tho capacity to 
fool pain. The newer tyixn of rtjbots, however, have united all 
the rulM)t8 against man, for the mbotB declare that they are 
“more highly dovoloi>od than man, stronger, and moro intelli¬ 
gent, and man is their parasite." 
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In tile last act, the robots conquer and slay all naan exo^pft 
one—an arohiteot, Alqukt, who in the epilogue providee a AtiaI 
quirk to the plot 

FACT AND FANCY 

Now what id fact and what is fancy in these two warnings 
given to ua a hundred years apart? 

Of course, it is very doubtful that a Frankenstein monster or 
a Roasum robot will soon be constructed with nerves, flesh, and 
blood like an anima l body. But we know that many types of 
robot machines can even now be. oonsiruoted out of hardware— 
wheels, motors, wires, eleatronio tubes, etc. They can handle 
many kinds of information and ore able to perform many kinds 
of actians, and they are stronger and swifter than man. 

Of course, it is doubtful that the robot maohines, by them- 
selves and of their own “free will,” will be dangerous to human 
beings. But as soon as antisocial human beings have access to 
the controls over robot machines, the danger to society becomas 
great. We want to escape that danger. 

Eicapo from Dangor 

A natural longing of many of us is to escape to an earlier, 
simpler life on this earth. Victor Frankenstein longed to undo 
the past. He said: 

'Xeam from me, if not by my preoepta, at lenet by my example, how 
dangerous is the acquirement of knowledge, and how much happior tliat 
man is who beUevee his native town to be world, than he who oepiree 
to become greater than his nature will allow.” 

Any sort of return to the post le, of course, impossible. It is 
doubtful that men could, even if they wanted to, stop the great 
flood of technical knowledge that soienoe is now producing. We 
all must now face the fact that the kind of world we used to live 
in, even so recently as 1939, is gone. There now exist weapons 
and machines so powerful and dangerous in the wrong hands that 
in a day or two most of the people of the earth could be put to 
death. Qiant brains are closely related to at least two of these 
weapons: scientists have already used mechanical braiDB for 
solving problems about atomic explosives and guided missiles. 
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In addition I thinking meohaniams designed for the automatie 
control of gunfire were an important part of the winning of 
World War 11. They will be a still more important part of the 
fighting of any future war. 

Nor can we escape to another part of the earUi which the new 
weapons will nob I'caoh. At 300 miles an houTj any spot on earth 
can bo reached from any other in lees than 48 hours. A modem 
plane axoeods this speed; a rocket or guided missile doubles or 

trebles it. 

Nor can we trust that some kind of good luck will pull us 
through and help men to escape the consequences of what men 
do. Both Trankenstein and Domin reaped in full the conse¬ 
quences of what they did. The history of life on this earth t^t 
is recorded in the rooks is full of evidence of races of living 
thin^ that have populated the earth for a time and then become 
extinct, such as the dinosaurs. In that kmg history, rarely does 
a race survive. In our own day, insects and fungi rather than 
men have shown fitness to survive and spread over the 
witness the blight that destroyed the chestnut trees of ^o^th 
America, in spite of the best efforts of scientists to atop it. 

There seems to be no kind of escape possible. It is 
to grapple with the problem: How can we be safe against the 

threat of physical harm from robot maebhies? 


UNEMPLOYMENT 

The other chief threat from robot machines is apinst 
nomio life. Harry Domin, in B.VS.. y<ni in 

Return of a machine for celling books, and under the p.etnre 

W6r0 tiiB wordsi 

Amthar new prodvet in k"deSi^ for 

ohanioel vending maohmea ** *■’.jg™ IS diSeient tides, 

use in hoepitela, mil qusiter in slot. CsUiiet 

selected mnmially. and obtained by dropping quanor 

Atnrm OO books. 


neer, 


I 


3 l the bi-eath of the robot ealesroan, workman 
on the back of your nodtl 
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At the moment when we oombine automatio producing ma¬ 
chinery and automatio oontrolling machinery, we get a vast sav¬ 
ing in labor and a great increase in teobnologioal unemployment. 
In extreme cases, perhaps, the effect of robot machines will be 
tile disappearance of men from a factory Such a factory will 
be like a modem power plant that turns a waterfall into eleo- 
trioity: once the machinery is installed, only one watchman is 
ordinarily needed. But, in most oases, this will be the effect: in 
a great number of factories, mines, farms, etc., the labor foroe 
needed will be out by a great proportion. The effect is not dif¬ 
ferent in quality, because the new development is robot ma¬ 
chinery ; but tile amount of teobnologioal unemployment coming 
from robot machines is likely to be considerably greater than 
previously. 

The robot maohine raises the two questions that bang like 
swords over a great many of us these days. The first one is for 
any employee; What shall I do when a robot machine renders 
worthless all the skill I have spent years in developing? The 
seoond question is for any businessman: How shall I sell what 1 
make if half the people to whom I sell lose their jobs to robot 
maohines? 


SOOAL CONTROL AND FTS TWO SIDES 

The two chief harmful effects upon humanity which are to bo 
expected from robot machines are physical danger and unem¬ 
ployment. These ore serious risks, and some degree of social 
control is needed to guard against them. 

There will also be veiy great advantages from robot maohinGS. 
The monster in Frankenstein is right when he says, “Do your 
duty towards me, and I will do mine towards you and the rest 
of mankind.” And Harry Domin in i2.I7Ji. Is right as to pos¬ 
sibility when he says, “There will be no poverty. ■ • • Everybody 
will be free from worry.'’ Social control must also be concerned 
with how the advantages from robot maohines are to be shared. 

The problem of social control over men and their devices has 
always had two sidee. The first side deals with what we miglit 
plan for control if men were reasonable and tolerant. This part 
of the problem seems relatively easy. The other side deals witli 
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what we muat ordinarily arrange, einoe moet men are often un- 
reaeonable and prejudiced and, aa a roeult, often act in antiaooial 
ways. This part of the problem is hard. Lot us begin with the 
easier side first. 

TYPES OF CONTROL-! F MEN WERE REASONABLE 

In seeking to fulfill wants and achieve safety, men have used 
hundreds of typos of control. The main types are usually called 
political and coonomio systems, but tliere are always great quan¬ 
tities of exceptions. The more mature and freer the society, the 
greater tlie variety of types of control that can be found in it. 

Probably the most widely \isod type of control in this country 
is private and public control working together, as private own¬ 
ership and public regulation—for example, railroads, banks, air¬ 
lines, life insuranoo companies, telephone systems, and many 
others. It would bo reasonable to expect private ownership and 
public regulation of a great many classes of robot moohinea, to 
the end that tlioy would never threaten the safety of people. 

Another common type of control is public ownership and 
operation; examples ore toll bridges, airports, city transit sys¬ 
tems, and water-supply systems. Atomio energy was so clearly 
fraught with Bcrious implications that in 19^0 the Congress of 
the United States placed it ontii-oly under public control ex- 
prosBcd as the Atomio Energy Commission. There is a class of 
robot machinery which has already reached the stage of acute 
public concern: guided miHsilos and automatic fim oonbt'ol. It 
would be reasonable that in this country all activity in this sub¬ 
division should bo undci' cUnw control by the Department of 

Defense. 

In the inlcniationnl arena, again, the problem becomes soluble 
if wo assume men to bo rcasonalilo. An intcmatinnal agency, 
suoh 08 an organ of tbo Unital Nations, would take over inspec¬ 
tion and control of nibot-machino activities closely affecting the 
public safety anywhere in Iho world. Particularly, this agency 
would concern itself with giiidod niissilcs, robot pilots for pianos, 
auioinatio gunfire control, etc. Much manufacturing skill is 
nccilod to make such imulucla os these: the factories where they 
could be inanufoctiiroil would theroliy be detennined. Also, a 
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giant brain is a useful devioe for solving soientiflo problems 
about weapons of mass deetniotion. So the agency would need 
to inspect the problems being solved on such maebinee. Tliis 
Bgemoy would be responsible to a legislature or an executive body 
representing all the people in the world—^if men were reasonable. 

In regard to the effeots of robot machines on unemployment! 
again, if men were reasonable, the problem would be soluble. 
The problem is equivalent to Uie problem of abundance: how 
should men distribute the advantages of a vast increase in pro¬ 
duction among all the members of sooiety in a fair and sensible 
way? A vast inorease in production is not so impossible as It 
may seem. For example, in 1930, with 46 million employed, the 
United States index of industrial production was at 100, and, in 
1943, with 62^ million employed, the index of production was 
at 230. 

If men were reasonable, the net profits from robot machinery 
would be divided among (1) those who had most to do with 
devising the new machinery, and (2) all of society. A rule would 
be adopted (probably it could be lees complicated than some 
existing tax rules) which would take into account various fac¬ 
tors such as rewards to the inventors, incentives to continue in¬ 
venting, adequate assistance to those made unemployed by the 
robot machines, reduction of prices to benefit oonsumors, and 
contributions to basic and applied aoientifio research. 

In fact, under the assumption “if men were reasonable," it 
would hardly be neoeesary to devote a ohapter to the problem 
of social control over robot machines I 

OBSTACLES 

The discussion above of how robot machines could be con¬ 
trolled supposing that men were reasonable, seems, of course, to 
be glaringly impractical. Men are not reasonable on most occa¬ 
sions most of the time. If we stopped at this point, again we 
would be dodging the issue. What are the obstacles to reason¬ 
able control? 

There are, it seems, two big obstacles and one smaller one to 
reasonable types of social control over robot machines. The 
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smaller one is ignorance, and the two big obataolea are prejudice 
and a narrow point of view. 

Ignorance 

By ignorance we mean lack of knowledge and information. 
Now mechanical brains are a new and intrioato subject. A great 
many people will, through no fault of tlioir own, naturally re¬ 
main uninformed about mechanical brains and robot machines 
for a long time. Howerver, tliere is a widespread thirst for 
knowledge these days: witness in magasines, for example, the 
growth of the ortiole and tho decline of the essay. There is also 
a fairly steady surge of knowledge from the austere scientiflo 
fountain of now tcolmoiogy. We con thus soe both a demand 
and a supply for information in such flolds os meohoniool brains 
and robot machines. We eon eoqMot, therefore, a fairly steady 
docline in ignorance. 

Prejudlcs 

Prejudice is a much more sorious obstacle to reasonable con¬ 
trol over robot machinos. It will bo worth our while to examine 
it at length. 

Prejudice is frequent in human affairs. For example, in some 
countries, but not in all, there is conflict among men, based on 
their roligiouB dilTcronoos. Again, in other countries, but not in 
all, there is wide disoriinination among men, based on tho color 
of their skin. Over the whole world today, Uiore is a sharp 
lock of understanding between cansorvatives, grading over to 
ronctionarios, on tho ono hand, and lil»ralR, grading over to radi¬ 
cals, on the other hand. All those difforcnecs arc based on men’s 
attitudes, on strongly held sots of lioliofs. These attitudes are 
not alToctcd by “information”; the “information” is not believed. 
Tho attitudes tivo not subjoct to “judgment”; they come “before 
judgmont”: thoy aro projudicos. IQvcn in tho midst of all tho 
scionco of today, prcjudico is widesproad. In Germany, from 
1933 to 1030, wo saw tnio of tho must soiontifio of countries bo- 
comc ono of tlio moat prejudiced. 

Prejudice is often diflloult to detect. Wo And it hard to roc- 
ogniso even in ouniulvos. Fur a prcjutlice always seetna, to tho 
person who has it, tho most natural attitude in tho world. As 
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we listen to other people, we are often uncertain how to sepa¬ 
rate information, gueeaw, humor, prejudice, etc. Circumstances 
compel US to accept provisionally quantities of statements just 
on. other people’s say-so. A good test of a statement for preju¬ 
dice, however, is to compare it with the scientific view. 

Prejudice is most dangerous for society. Its more extreme 
manifestations are aggressive war, intolerance (especially of 
strange people and customs), violence, race hatred, etc. In the 
consuming hatred that a prejudiced man has towards the object 
of his prejudice, be is likely to destroy himself and destroy 
many more people besides. In former days, the bandy weapon 
was a sword or a pistol; not too much damage could bo done 
.when one man ran amuck. But nowadays a single use of a 
single weapon has slain 70,000 people (the atom bomb dropped 
at Hiroshima), and so a great many people live anxious and 
afraicL 

What is prejudice? How does it arise? How can it be cured, 
and thus removed from obstructing roasonable control over 
robot machines and the rest of today’s amasing scientific devel¬ 
opments? 

Prejudice is a disease of men’s minds. It is infectious. The 
cause and development of the disease are about as follows: De¬ 
prive someone of something he deeply needs, such as affection, 
food, or opportunity. In this way hurt him, make him resentful, 
hostile; but prevent him from expressing liis resentments in a 
reasonable way, giving him instead false outlets, such as other 
people to hurt, myths to believe, hostile behavior patterns to 
imitate. He will then break out with prejudices ae if they wore 
measles. The process of curing the disease of prejudice is about 
as follows: Make friends with the patient; win his trust En¬ 
courage him to pour out his half-forgotten hates. Help him to 
talk them over freely, by means of questions but not criticisms, 
until finally the patient achieves insight, sees through his former 
prejudices, and drops them. 

In these days prejudice is a cardinal problem of society. It 
is perhaps conservative to say that a chief present requirement 
for the survival of human society—with the atom bomb, bac¬ 
terial warfare, guided missiles, etc., near at hand—^ia cure of 
prejudice and its consequences, irrational and unreetrained hate. 
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Narrow Point of View 

A narrow point of view regarding what la desirable or good ia 
the third obataole to rational control over robot machines. What 
do we moan by this? 

Our point of view as a two-year-old is baaed on pure self- 
interest. If wo see a toy, we grab it. There is no prejudice 
about this; it is entirely natiiral—for two-yoaivolds. As we 
grow older, our point of view ooncoming what is good or desir¬ 
able rapidly broadens: we think of others and their advantage 
besides our own. For example, we may become interested in a 
conservation program to conserve birds, or soil, or forests, and 
our point of view expands, embraces these objeoUves, which 
become part of our porsonoJity and loyalties. 

Unfortunately, it seems to be true that the expanding point of 
view, the expanding loyalties, of most people as they grow up 
are arrested somewhere along the line of: self, family, neighbor¬ 
hood, community, soot ion of country, nation. An honorable 
exception is the Bcientists’ old and fine tradition of world-wide 
unity and loyalty in the search for objective truth. 

Now the problem of rational control ovor robot machines and 
other parts of the now technology is no rospeoter of national 
Imundaricfi. To bo solved it requires a world-wide point of view, 
a loyalty to human society and its beet interests, a social point 

of view. 

Almost nil that you and I have and do and Uiink is the result 
of a long history of human society on this earth. All men on 
the earth today are dcsoondnnts of otlicr men who lived 1000, 
2000, 3000 • ■ • years ago, whcUicr they were Romans or Chinese 
or Babyltmians or Mayas or members of any other race. To 
ride in a subway or an air])lane, to talk on the telephone, to 
speak a language, to calculate, to survivo smallpox or tho black 
death, etc.—all theso privileges arc our inhoritanoo from oount- 
Icsa thousands of other human licingB, of many onuntrioe, and 
nearly all of whom are now dead. During our lives we pass 
on to our own oliildron an inheritance in which our own con¬ 
tribution ia remarkably small. Since each person is the child of 
two others, tho number of uur rorcfatlicrs is huge, and wo arc all 
undoubtedly blood cousins. Because of this relationship, and 



SOCIAL COKTBOL 


906 

because we owe to the rest of eooiety nearly all that we aroi 
we have a social responsibility—^we need to hold a social point 
of view. Each of ua needs to accept and welcome a world-wide 
social responsibility} as a member of human society, as a bene¬ 
ficiary and trustee of our human inberitanoe. Otherwise we arc 
di’onee, part of the hive without earning our keep. The social 
point of view is equitable, it is inspiring, and it is probably re¬ 
quired now in order for human beings to survive. We need to 
let go of a narrow point of view. 

CONCLUSION 

We have now outlined the problem of social control over 
robot machines, supposing that human beings were reasonable. 
We have also discussed the praoUoal obstacles that obstruct rea¬ 
sonable control. 

It is not easy to think of any yet organised group of people 
anywhere that would have both the strength and the vision 
needed to solve this problem through its own efforts. For 
example, a part of the United Nations might have some of the 
vision needed, but it does not have the power. Consequently, it 
is necessary and desirable for individuals and groups everywhere 
to take upon themselves an added load of social responsibility— 
just as they tend to do in time of war. People often ‘Vant to 
do their share.” Through encouragement and education, the 
basic attitude of a number of people can contain more of ”ThU 
is our business; we have a responsibility for helping to solve 
this problem.” We also need public reBponsibillty; we need a 
public body responsible for study, education, advico, and some 
measure of control. It might bo something like an Atomio 
Energy Commission, Bacterial Defense CommiBsion, Montal 
Health Commission, and Robot Machine Commission, all rolled 
into one. 

When, at last, there is on effective guarantee of the two ele¬ 
ments physical safety and adequate employment, then at lost 
we shall all be free from the threat of the robot machine. We 
can then welcome the robot machine as our deliverer from the 
long bard chores of many centuries. 
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Ttie purpoee of this book Is to explaia machines that think, without 
using technical words any more than necoseary. This supplement is a 
digression. Its purposes are to oonsidor bow to oxplara in this way and 
to discuss the attempt made in this book to aohiero simple eoepUnation. 

WORDS AS INSTRUMENTS FOR EXPLAINING 

Words are the chief instnimonts we use for explaining. Of oonrae, 
many other devices—picluroe, numbore, charts, modob, etc,—arc also 
used; but words are the primo tools, We do most of our explaining 
with thorn. 

Words, however, aro not vory good instrumontB. Like a stone arrow¬ 
head, a word is a clumsy weapon. In tlw flrst platM, words mean dif¬ 
ferent things on difTeront oooastona. Tho word “lino,” for example, has 
more than fifty meanings listed in a big ctietkmnry. How do we handle 
the puiile of many meanings? As wo grow older we gather oxporionoo 

and we dovoloii a truly marvelous capacity to HsUm to a sentonco and 
then fit tho words together into u pattern that makes sense. Somo- 
timoe wo notice tho time lag while onr hmin lumta for the meaning of 
a word we have heard but not gmspod, Tlirn siidrlcnly wo guess the 
needed meaning, whoroupon wo grasp tlio meaning of tho sontenco as a 
whole in much tho same way as tho parts of a pusido click into placo 
when solved. 

Another trouble with words is that often thoro is no good way to tell 
someone what a word moans. Of course, if the word denotes a physical 
object, we can show scvcml examples of tho object and utter tho word 
each time. In fact, several good illustrations of a word denoliug a 
physical thing often toll most of its meaning. But tho rest of ita mean¬ 
ing we often do not loam for years, if ever. For instance, two |X!o|ile 
would more likely disagree than agree about what ahould be cnllod a 

aoo 
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"rook** and what should be ooHad a "atone,” If we ahoired them two 
doaen romplee. 

In the oaae of words not denoting physoal objects, like "and,” 
"reaponailnlity,” we are worse off. We cannot show something and say, 
"Hiat is a ***.” The usual dictionary is of some help, but it baa a 
tendency to tell us what some word A meons by using another word JJj 
and when we look up the other word B we And the word A given as 
ita meaning. Mainly, however, to detormino the meanings of words, we 
gather experience: we soak up words in our brains and slowly estaUieib 
their meanings. We seem to uee an unconscious reasoning prooeos: we 
notice how words are used together in patterns, and wo conclude what 
they must mean. Clearly, then, words being clumsy inslrumonts, the 
more experience we have had with a word, the more likely we ore to bo 
aUe to use it, work with it, and understand it. Theroforo explanation 
shonld be based chicly on words with which wo have had tbo most 
experience. What words are these? They will be the weH-lmown words. 
A great many of them will be ribort 

SET OF WORDS FOR EXPLAINING 

Now what ie the set of all the words needed to explain simply a tcoh- 
nioal subject like maohlnea that think? For wo shall noed more words 
than Just the well-known and short ones. Iliis question doubtlom has 
many answers; but the answer used in ihiii book was bosod on Lho fol¬ 
lowing r es Bonin g. In a book devoted to explanation, there will bo n 
group of words (1) that are supposed to be known already or to bo 
learned while reading, and (2) tl^t are used as building blocks in Inter 
exp la n ation and definitions. Suppose that wo ne^ll theee words tho von/ji 
joT sxpfotRtng. 'niere are at least three groups of such words; 

Group J. Words not epeoially defined that are so familiar that 

every reader will know all of them; for example, "is," "muuh/' 
«tdL” 

Group 9. Words not speeiaUy defined that are familiar, but per¬ 
haps some reader may not know soma of them; for example, 
“alternative," "continuous,” "indicator.” 

Group S. Words that are not familiar, diat many roadors aro itoL 

expected to know, and that are specialty riafinnH and expUiinoil 

in the body of the book; for example, "abacus," "trajectory,** 
'*torque." 

In TOting this book, it was not hard to keep track of tho words in 
the third group. These words are now listed in the index, togethor witli 
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the page vhen they are deflned or explained. (The index, of eonrse, 
aleo lists phrases that are epooially defined.) 

But what division idiould be made botwoen the other two gronpef 
A practieal, easy, and oonservative way to separate most words between 
the fint and second groups seemed to bo on the bAJiiw of number of 
syllabLes. All words of one syllable—if not ^>eoially defined—were put 
in Group 1. Also, if a word became two syllables only because of the 
addition of one of tbo endings "-ee,’* "-ed," "-ing,” it was kept in 
Group 1, for these ondinfip probably do not make a word any harder to 
understand. In addition, there were put into Group 1: 

1. Numbers; for example, "180,000,“ "Mo." 

2. Places: "Philadelphia"; '‘Mnmachuntts.” 

8. Nations, organisations, people, etc.: "Swedish”; 'rSell.” 

4. Years and dates: ^'February," "1040.” 

6. Names of current books or articles and their authors. 

Of course, not all these words would bo familiar to every reader (for 
example, "Maya"), but in the way they ooour, they aro usually not 
pusxling, for we can toll from the context just about what they must 
mean. 

All remaining words for explaining—dhiolly, words of two or more 
syllablcB and not specially defined—were put in Group 2 and were listed 
during the writing of this book. Many Group 2 words, of oourso, would 
bo entirely familiar to every roader; but tho list had several virtues. 
No hard words would suddenly bo sprung like a trap. Tho snmo word 
would bo used for tho same idea. Kvory word of two or more syllablee 
was continually chocked; is it needed? can it Iw roplacod by a ehortor 
word? Tt is porhnpe remarkoblo that therro wore fowor than 1800 dif¬ 
ferent >vorda allowed to stay in this list. Tliis fact should bo a comfort 
to a roader, as it was to tho author. 

Now there oro more words in this book than loonZs for expioining. 
So we shall do well to recognise: 

Group 4- Words that do not need to be known or learned and that 
are not usod in later explanation and definitions. 

Theao words occur in tbo book in such n way tliat undorstanding them, 
though hdpfut, is not easentin]. Ono Bubdivision of Group 4 aro names 
that appear just once in tbo book, as n kind of side remark, for 
example, "a chemical, oallod acetylcholine.** Such a name will also ap¬ 
pear in the index, but it is not a tsord for explaiimg. Another sub¬ 
division of Group 4 aro words occurring only in quotations, For 
example, in the quotation from Prankenetem on page 198, a doien 
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words appear that ooour nowhere dsa in the book, inohidiiig "daemon," 
"diaaotuble," "maw,” "satiate.” CSearly we would destroy the entire 
flavor of the quotation if we ohanged any of tbeae words in any way. 
But only the general drift of the quotation is needed for tmdezstanding 
the book, and so these words ate Group 4 words. 

In this way the effort to aotneve simple eiqilanation in this book pitH 
oeeded. But even supposing that we oould reaeh the best set of words 
for explaining, there is more to be done. How do we go from simple 
explanation to understanding T 


UNDERSTANDING IDEAS' 

Dndentttndatff on idea is baaioally a standard prooeos. First, we find 
the name of the idea, a word or phrase that identifies h. Hien, we 
ooUeot true statements about the idea. Finally, we praotloe using them. 
^Elie more true statements we have gathered, and the more praotioe we 
have had m applying them, the more wa tmderstand the idea. 

For example do you understand serot Here are some true state¬ 
ments about lero. 

1. Zero is a number. 

3. It is the number that counts none or nothing. 

8. It is marked 0 in our usual numeral writing. 

4. The anoieiiit Ramans, however, bad no numeral for it. Appar- 

ently, they did not think of lero os a number. 

6. 0 is what yon get when you take away 17 from 17, or when 
you Bubtraot any number fnan itself. 

6. If you add 0 to 28, you get 23; and if you add 0 to any 

number, you get that nunober unohanged. 

7. If you subtraet 0 from 48, you get 48; and if you subtraot 0 

from any number, you get that number unohangod. 

8. If you multiply 0 by 71, you get 0; and if you multiply to¬ 

gether 0 and any number, you get 0. 

0. Usually you are not allowed to divide by 0: that is against tbe 
rules of arithmetlo. 

_ ■ 

10. But if you do, and If you divide 12 by 0, for eixample—and 

there are times when this is not wrong—the result is called 
mflnity and is marked oo, a sign that is lilrn an 8 on its side. 

This is not all the story of lero; it is one of the most important of 
numbers. But, if yon Imow these statements about lero, and have 
some praotioe in applying them, you have a good widentanding of loro. 
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Imndent&Uy, a moohuM bram knom oil then itatemonts about lero 
ud A lew more; they must bo built into it 
For ui to undomtand any idea, then, wo pureue three aimi! 

1. We M out what H ie ealled. 

2, We eoUeet true itatemonte about it. 

8, We apply thoee Btatemente-wo ueo them in Dtuatione. 

We oen do tide about any idea. Therefore, we oan undotetand noy idea, 
and tho degteo of our uodointanding inotoaeea no the number of true 
itatomente moatered inereaBee, 

Perfaape thla Beema to bo a rash olaim. Of oouiee, it may take a good 

deal of time to eolloot true Btatomentn about many ideaa. In foot, a 
Boiontiat may spend thirty yean of hia lifo trying to M out from ex- 
poriment the truth or falsehood of one atulement, though, when he has 
Bueoeeded, the fact con be Bwiftly told to others. AIbo, wo all rary in 
the speed, pereeveranoe, skill, etc., with which we eon oolleot true Bbkte> 
mentB and apply them. Boados, some of lu havo not been tou^t well 
and have little faith in our ability to carry out this process: this is tho 
greatest obstaolo of all But, there is in reality no idea in the field of 
(gristing solonee and knowledge which you or I cannot understand. The 
rood to undontanding lies oleor before us. 
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tn the ooiine of onr dlecuasion of TnaflliTH(w that thinkj hod 

to refer without much explanation to a number of matbematioal idrfaa. 
Hie puipoee of thia Bupplement la to explain a few of theee ideaa a little 
more oanfuUy than seemed easy to do in the text and, at the end of the 
suppiementi to put down briefly same additional notes for referenoe. 

DEVICE FOR MULTIPUCATION 

Bapposa that we havp to multiply 372 by'^dOfl. With the ordinary 
school method, we write 466 under the 372 and proceed about aa fol¬ 
lows: ft times 2 la 10, put dowii''i£e 0 and carry the 1; 6 tlmee 7 is S6, 
36 and 1 is SO, pat down the 6 and cany the S; 6 timea 8 ia 16,16 and 
S.ia 18, put down the 8 and cany the 1; ***. The method ia baaod 
mainly «i a wefl4earned subroutine of oontinually changing steps: 

1. Select a multiplioand digit. 

2. Select a multiplier digit. 

8. Hefer to the multiplication table with these digits. 

4. Obtain the value of their product, called a partial product, 

5. Add the preceding cany. 

6. Set down the right-hand digit. 

7. Carry the left-hand digit. 

We can, however, simplify this sabroutine for a machine by delaying 
the carrying. We odlleat in one place all the righl^hand digits of poi^ 
tial produeta, oclleot in another pilaoe all the left-hand digits, and delay 
all addition until the end. 

For example, let ua multiply 872 by 466 with this method; 

314 
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lavT-HAHD UstTAii MarooD, 

Dianni vos CoHPABTaoir 

873 873 

X 466 X 4e6 

131 1800 

141 3383 

130 1488 

13541 173080 

Futaii Addriqh 

87670 
+ 18U1 

173080 

37670 is called the right-hand component of tho product. It is oon- 
vonient to fill in with 0 the space at the end of 13541 and to coll 136410 
the left^nd eomponent of the product. 

This process is called trudUplying by rights and left^-hand components. 
It has the great advantage that no carrying k neooasary to oomplcto 
any line of the original multiplications. Some computing maohines use 
this prooces. Built into the hardware of the machine is a multipliaa- 
tion table up to 0 X 0. The maohino, therefore, can find automatically 
tho right-hand digit and tho left-hand digit of any partial product. In 
a computing machine that uses this process, all the left-hand digits are 
automatically added in ono register, and all the right-hand digits are 
added in another rogistor. The only carrying that Is noodod is the 
carrying as the right-hand digits are accumulated and as the left-hand 
digits arc accumulated. At tho ond of tho multiplication, ono of the 
regutors is automatically added into tho other, giving the product. 

Another dovico used in computing maehinoe for multiplying ia to 
change the multiplior into a sot of digits 0 to 6 that are either positive 
or negative. For example, suppoec thjit wo want to multiply S07 hy 
182. We noto that 182 equals 200 minus 20 plus 2, and so we can write 
it 08 222, Tho minus over the 2 marks it as a negative digit 2. Then 

to multiply we have: 

807 

2£a 

1704 

“1704 

1704 

168364 

The middle 1704 is subtinotcd. This procoss is imuilly called ahori-citt 
multipiication. Everybody discovers this trick when bo dooidos that 


Biort-Hamd 

Dicnrs 

873 

X466 

660 

833 

388 

87670 
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multiplying by 00 is too mooh Trork, that it is easier to multiply by 
100 sod subtmot once. 


BINARY OR rWQ NUMBERS 

We are well accustomed to deoinial notation in which we nee 10 
deohnal dlpts 0,1, 2, 8, 4, fi, 6, 7, 8, 0 and write them in oombinations 
to designate dooimal numbers. In bmary notation we use two lunary 
digits 0,1 and write them in oombinations to designate bmary monbora. 
For example^ the first 17 numbers, from 0 to 16 in the deoimal nota¬ 
tion, oorreepond with the following numbers in binary notatian: 


Bsonuii 

Bikabt 

Dncouii 

BnrasT 

0 

0 

B 

1001 

1 

1 

10 

1010 

S 

10 

11 

1011 

8 

11 

13 

1100 

4 

100 

18 

1101 

6 

101 

14 

1110 

6 

110 

15 

1111 

7 

111 

16 

10000 

8 

1000 




In deoimal notation, 101 means one times a hundred, no tens, and one. 
In binary notation, 101 means one tfanwa four, no twos, and one. Tho 
snooeashre digits in a deoimal number from right to left oount 1, 10, 
100 , 1000, 10000, • • ••^^ueoessive poieert of 10 (for this term, seo the 
end of this supplement). The sueoessive digits in a binary number from 
right to left oount 1, 2, 4, 8, 16, ** * —powers of 2. 

The decimal notation ie oonrenient when equipment for oomputing 
has tan poations, hlce the fingers of a man, or the poatkms of a oountor- 
wheeL The binary notation is oonvenient when equipment for compute 
ing has Just two positions, like "yes” or "no,” or ourrent flowing or 
XU) ourrunt flowing. 

Addition, subtraction, multiplication, and division can all be carried 
out unusually simply in binary notation. The addition table Is simple 
and oonsists only of four entries. 
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llie muHipliaation table is also aiiuple and oantaina only four antrieSi 


X 0 1 

0 
1 

Suppoae that we add in binary notation 101 and 1001: 


Bdtabt Amunoir 

Cbbcx 

101 

B 

+ 1001 

0 

1110 

14 


We proceed: 1 and 1 ia 10; write down 0 and carry 1; 0 and 0 ia 0, 
and 1 to carry is 1; and 1 and 0 ia 1; and then we just copy the last 1. 
To check this we can convert to decunai and see that 101 is 6, 1001 ia 9f 
and 1110 is 14, and we can verify that 5 and 0 ia 14. 

One of the eaBest ways to subtract in binary notation is to add a 
onM eomplemmt (that is, the analogue of the nines o<na.plement) and 
use end-around-oarry (for these two tonns, see the end of this supple¬ 
ment). A ones complement can be written down at si^t by just put¬ 
ting 1 for 0 and 0 for 1, For example, eupinee that we subtract 101 
from 1110: 

Diaaor 

Bubtoaotiow 

1110 
101 

1001 


Multiplication in tho binary notation is slmplo. It amounts to (1) 
adding if the multiplier digit is 1 and not adding if Uio multplier digit 
is 0, and (2) moving over or shifting. For example, let us multiply 
111 by 101: 

BncART MoimpucATioH CimoK 


111 

7 

X 101 

X6 

111 


111 


100011 

86 
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Tlie dlgib 1 in the 6th (or nth) binoTy plaoe fnmi the right in 100011 
stands for 1 timee 2 to the 6th (or n ~ 1 th) power, 2X2X2X2X2 
= 32. The reeult 100011 is translated into 32 plus 2 plus 1, whioh 
equals 86 and Terifies. 

Division in the binary notation is hIbq simple. It amounts to (1) 
subtracting (yielding a quotient digit 1) or not subtracting (yielding a 
quotient digit 0), and (2) ahifting. We never need to try multiples of 
the divisor to And the largest that can be subtracted yet leavo a posi¬ 
tive remainder. For example, let us divide 1010 (10 in deeimal) into 
10001110 (142 in deoiznal): 

1110 (14 In dedmaO 

1010)10001110 

1010 

1111 

1010 

1011 

1010 

10 (remainder, 2 In dodmal) 

In deeimal notation, digita to the ri^t of the dooimal point count 
powers of ?4o. In binary notation, digita to the right of the bmary 
point count powers of 14: 14,14,14, Hs * * *. For example, 0.1011 equala 
)4 + 14 + Ms, or 

If we were accustomed to uaing binary niimbeis, all our arithmotio 
would be very simple. Furthermore, binary numbers are in many ^v^y8 
much better for flHlfniTAting machinery thim any other numbers. Tlio 
main problem is converting numbers from deeimal notation to binary. 
One method depends on storing the powers of 2 in decimal notation. 
The rule »; mbtroct suoceesively nnaller powers of 2; start with the 
largest that can be subtracted, and count 1 for each power that goes 
end 0 for each power that does not. For example, 86 in deoimal be- 
oomes 1010110 in binary: 


86 

64 

64 goes 

1 

23 

83 doee not go 

0 

16 

16 goes 

1 

6 

8 doee not go 

0 

4 

4 goee 

1 

2 

2 goes 

1 

3 

1 does not go 

0 

0 
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It is a little troublesomo to Tonember long seriee of I’s and 0^l; in fact, 
to write any number in. binary notation takoe about SV& tnnea as much 
apeoe aa decimal notation. For thia reason we oan a^nrate binary 
numbera into triplea bec^nnlng at the ri^t and label each triple aa 
followB: 


TaiPidi 

Labsl 

Turui 

T.A'—t. 

000 

0 

100 

4 

001 

1 

101 

B 

010 

3 

110 

tt 

oil 

8 

111 

7 


For cxomplo, 1010110 would become 1010110 or 128. This notation la 
often called octal notation, beoauae it is notation in the scale of ei^t. 


BIQUINARY OR TWO-FIVE NUMBERS 

Another kind of note tion for numbera la biquinary notation, so called 
beonuae it usea both 2*a and S’a. EasontUlly thia notation is very like 
Roman numemla, ancient stylo. By ancient style we mean, for example, 
Vlin hutood of IX. In the following table we ahow the first two doien 
numbera in dooimal, biquinary, and ancient Roman nota^n; 


Dscnuii 

Biquihast 

Rohah 

0 

0 


1 

1 

I 

2 

2 

U 

8 

8 

m 

4 

4 

nil 

B 

10 

V 

6 

11 

VI 

7 

12 

vn 

8 

13 

VIII 

0 

14 

viin 

10 

100 

X 

11 

101 

XI 


DscniAit 

BiQimrARY 

RoMAir 

12 

102 

xn 

13 

lOS 

xin 

14 

104 

xim 

16 

110 

XV 

10 

in 

XVI 

17 

112 

xvn 

18 

118 

xvni 

10 

114 

xvira 

20 

200 

XX 

21 

201 

XXI 

22 

202 

XXII 

28 

203 

XXIIl 


Tbo biquinary columns nltomate in going from 0 to 4 and from 0 to 1. 
The digits from 0 to 4 aro not cliangod. The digits from B to 0 are 
phnngod into 10 to 14. Wo boo that the biquinary diqila are 0 to 4 in 
odd columns and 0, 1 m ovon columns, counting from tbo right. 

This is the notation actually expressed by the abacna. The beads of 
the abacus riiow by Ihoir pomliona groitpe of 2 and 6 (soo Fig. 1). 
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3 6 7 1 DmImI 


MMM DC UX I Bom 

03 II 13 01 Uqofaarx 

Tin. 1. Abaoufl uid notationa. 


SOME OPERATIONS OP ALGEBRA 

One of the operatioiis of algebra that is important for a moohanieal 
brain la approximaiiony the problem of getting oloae to the right value 
ot a mnnber. Take, for example, finding a^uore root (see the end of 
thii aupifiement). The ordinary proceea taught in a^ool la rather 
tronbleBanLe. We can set down another proceea, ho we v e r, uaiDg a desk 
oaloulator to do diviaian, wbiob g r v ee ua square root with great speed. 

Suppose that we want to find the square root of a number N, and 
suppoee that we have as a guessed square root oorreot to one figure. 
For examine, N mi^t be 07.2 and mis^t be 8, choeen beoauBB 
8 X S la 64, and 0 X 6 is 81, and it seems aa if 8 should be sear the 
square root of 67.2, Here is the prooess; 

1. Divide into N, and obtain N/Xq, 

2. Multiply 3 ^ + N/x 0 by 0JS and oall the result x,. 

Now repeat: 

1. Divide into N and obtain W/x^. 

• 2. Mnltiply by 0.6 and ooll the result Xt. 

Svery time this prooesa la repeated, the new x comes a great deal oloaer 
to the correct square root. In fact it can be shown that, if x^ la ooov 
reot to one figure, then: 



nouaas 


XI 

xt 

x« 


2 

4 

8 

18 


Let 118 see bow thla actually works out with 07.2 and a 10-oolumn 
deak oalonlator. 
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Round 1 : 8 divided into 67g^voB 8.4. One of 8 plm 8^4 
ia 8 . 2 . Tliifl is a^. 

Round 2 : Si 2 divided into 67,2 givoi 8d06122. One half of 8.2 
plus 8.106122 ia 8.107561. 'Hub is x ^. 

Bound 3: 8.107601 divided into 67.2 givea 8.107660826. One Vmlf 
of 8.107661 and 8.107660226 is 8.1076606126. This b Xg. 

Cheeking wo find that SJ07&000125 divided into 07.2 gives 
8.1076606120 approximately. 

In this oaae, then, Sg ia oorreet to more than 10 flgarea. In other words, 
with a reasonable gueas and two or three divisions we can obtain all the 
aoouraoy we oan ordinarily use, 'Hiis proeoaa ia called rapid approxt- 
motion, or rapidly convergimt approximation, sinoe it convorgoM (points 
or oomes together) very qoiokly to the number we are seeking. 

Anoiher important operation of algebra la Merpolaiion, the problem 
of putting vahies smoothly in between other values. For axample, sup¬ 
pose that we have the table: 

fl If 

6 20 

6 S7 

7 00 

8 66 

0 82 

Suppose that we want to And the value that y (or y^) ought to have 
when X haa the value of 7.2. This is the problem of interpolating y so 
as to find y at the value of 7^2, 1 / 7 . 2 . 

One way of doing this ia to disoovor the formula that exprosses v And 
them to put X into that formula. This is not always easy. Another way 
is to take the dilToronoe between and t/if, 16, and riiore the difforenoo 
nppropriatoly over the distance 7 to 7.2 and 72 to 8 . We eon, for 
oxamplo, take of 16 = 3, add that to t/7»60, and obtain an esU" 
mated 1 / 7,2 ~ 63. Tbui ia colled linear interpolation, since the differenoe 
0.2 in the value of s is usnd only to the lint iwwor. It is a good prac¬ 
tical way to carry out most interpolation quickly an<l approximately. 
Actually hero v = «^ + l, and so the tnio value of is (7.2X7Ji) 
Ij or 6284, which ia ratlior close to 63. Types of intorpolntion pro- 
codurcB more acouvato than linear interpolation will como muoh nearer 
Btill to the truo value. 


ALGEBRA OF LOGIC 

Wo turn now to the algebra of logic. The first half of Chapter 0 , 
'Tlonsoning” (tlirough tho section "Logical-Truth Cniciilation liy Al- 
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gobra”), introduees tiua Bubjoot. There the terme truth valun, truM 
toMeii GonMctiv€»t and algebra of logic are explained. The part 
of Chapter 8^ '*A Machine That Will Think,” that diaouases the opera- 
tifiM greaterUhan and adectiorif oleo explains scmie of the algebra of 
logio. It introduces, for example, tbe fonnula 

p - IXb > 6) - 1, 0 

fa a way of saying briefly that the truth yhIub of the Btataaent 
"o fa greater than h” equals p; p fa 1 if the statement fa true and 0 if 
the statement fa false. The truth Talue 1 oorreeponds with ”yes.” Tho 

fauth Talue 0 ooneepoDds with "no ” 

With Tnael^^tl^n^l1 brains we are eepeoially interested in handling 
mathematics and logio without any sharp dividing line between thesn. 
Pot example, suppose that we have a register in which a tan-dlgit 
number like 1,788,438,880 may be stored. We should be able to uao 
that ngister to store a number eonsisting of only l*s and 0*^ likn 
1,100,100/)10. Such a number may designate the answen to 10 suo- 
eearire questions; yes^ yes, no, no, yes, no, no, no, yea, no. Or it may 
tell 10 suooenive Innary digits. Hie roaster then is three times as 
useful: it can store rither deoiinal numbers or truth valuee or binary 
dlgtta. We need, of oourse, a way to obtain from the register any de¬ 
sired digit. Por this purpose we may have two instruotionB to tbe ma¬ 
chine: (1) read tbe left-hand md digit; (2) shift the number around 
in a oirele. The second instruction fa the same as multiplying by 10 and 
then putting tbe left-most digit at the right-band end. For examjdo, 
suppose that we want the 3rd digit from tbe left in 1,100,100,010. Tho 
result of the first oinular shift fa 1,001,000,101; tbe result of the second 
circular shift fa 0,010,001,011; and reading the left-most digit gives 0. 
A proeen like this has been called extraction and fa being built into the 
newest meohaiiical brains. 

Using truth values, we oen put down very neatly some truths of 
ordinazy algebra. For example: 

(the abaoluie wdva of a) « a X (the truth of a greater than or equal 
to 0) — a X (the truth of a iem than 0} 

|a| - o-r(fl> 0) - o-r(a < 0) 

For another example: 

Eitber a fa greater than b, or else a eqnala 5, or else a fa fa— than b 

r(o > 6) + Tia - 0) -I- r(a < b) - 1 


I 


NOTES 
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Many common logical operatlonB, like Belecting and oomparing, and the 
behavior of numy aimple moobaDiama, like a lij^t or a look, oan be 
expressed by trutfi valuea. Chapter 4, on punoh-oard mecImniaaiSi eon- 
tains a number of examploe. 


pronoun, variable 

In ordinary language, a pronoun, like "be,” "she,” "It,” 'Hhe fonner,” 
"the latter,” is a word that usually standa for a noun previously re¬ 
ferred to. A pronoun uauaQy stands for the last preoeding noun that 
the grammar allows. In mathematka, a vanahU, like "a," "b,” "a,” 

oloeely resombloa a pronoun in ordinary language. A vnri- 
ablo ia a symbol that naually standa for a number previously referred 
to, and usually it stands for the sanae number througdiout a particular 
diacuasion. 


multiplicand, dividend, augend, etc. 


Ihthb 

■quation: 

o + & e 

c — 6 " fl 

a X b e 

a -I- b — 0 


'nU ITAMB 

or a m: 

augend 

minuend 

nuilUpUoaiul 

dividend 


Tm NAua 

or b n: 

addend 

subtrahend 

muUiptlor 

divisor 


TDB ITAMa 

or 0 is: 

aura 

ronaaiodar 

product 

quotient 


dupsitd and addend are names of Tcglslcra in the Harvard Mark II 
caloulalor (see Chapter 10). 


subtroctfon by adding, nines complement 

Two digits that ndd to 0 (0 and 0, 1 and 8, 2 and 7, 3 and 0, 4 and 
fi) are called ntnes eomplemcnts of each other. The mnet complement 
of a number a is the number b in which each digit of & is the nines 
complement of the eormiqxnHling digit of a; for example, the nines 
complement of 173 Is 820. Ordinary subtraction is the same as addi¬ 
tion OB of the nines complement, >7ith a sliniilo corrootion; for example, 
502 leas 173 (equal to 389) is tho sumo as 502 plus 820 (equal to 1388) 
leas lOCX) plus 1. 


end*a round-ca rry 

Tho corrootion "leas 1000 idiia 1" of the foregoing example may bo 
thought of as carrying tho 1 (in tho rcmilt 1388) around from tho left- 
hand end to the right-bniicl end, whore it is tbero added. So the 1 ia 
called end-‘oround-carry. 
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twu oomplanMnt 

Two digitB that add to 10 are called tent oomplementa of «aeb other, 
Hie tana eomplefnent of a number a, however, is equal to the nines oom- 
plement of number plus 1. For example, the tens oomplomont of 
178 is 827. When subtracting by adding a tens ooroplement, tbo left¬ 
most digit 1 in the result is dropped. For example, 562 lees 178 (equal 
to 380) is the as 602 plus 827 (equal to 1380) less 1000. 


power, square, cube, reciprocal, etc. 

A power of any number a Is a multiplied by Itself some numoer of times, 
a X s X a> • • X a when a appears b times is written and is read a to 
the Mh power. a to the 2nd power, is a X a and is oallod a agMond 
or the eguare of a. a^, a to the 3rd power, a X a X O] is oallod a ettdedf 
or the eubs of a, a to the aero power, is equal to 1 for every a. a*, 
a to the power 1, is a itself. Hie first power is often colled UiuMir. a to 
some negative power is the same as 1 divided by that power; that is, 

* 1/i^, a~\ a to the power minus 1, is 1/a, and is o^led the rec^ivcat 
of a. at, a to the oneholf power, is a number c such that a X c ^ 
and is osUed the sgiian root of a and often denoted by -\/a 


table, tabular value, argument, et& 

An example of a tabie is: 

0.025 0.08 


1 

2 

8 


1.02«)0 

1.06003 

1.07689 


1.08000 

1.00000 

1.00278 


The numben in the body of the table, called tobtilor voluet, depend on 

or are determined by the numbers along the edge of the table, oullod 

arguments. In this exampl e , if 1, 2, 3 are choices of a number n, and 

if 0D26,0.08 are choices of a number i, then each tabular value ff is equal 

to 1 i^us I raised to the nth power, n and i are also called nuleptnuimt 

vanabla, and y is called the dependent varuMo. The table expraaea 

a /unetion or formula or ruU. The rule could be stated as: add i to 1; 
nisa the result to the nth power. 


comtant 
A number 

all enudirinna. 
(radius)^ ^ 
to all circles. 


said to be a eonetant if it has the **•>"** value under 
For example, in the formula: (area of a oirolo) “ ir X 
a oonstant, equal to 8.14160 •»- , applying equally well. 



NOTES 
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Infinity 

Maihematios reoogniMS Beveral Idnda of infinity. One of them oocura 
when munbere beoome very larso* eaBmi)le, the quotient of 13 
divided by a number 9, bb x booamoa oloeer and doaer to 0, beoomaa 
indefinitoly large, and the limit ia oalled infinity and is denoted oo. 


equation, slmultaneoui, linear 

An oxamplo of two linear amultoneoua equationa ia: 

7« + 8t-22 

Ss + U-ll 

s and t are oalled imlmowni—that is, unknown variables—beeauee the 
objective of solving tbo equations is to find them. Thoeo oquationa 
are called nmuUonaotu because they are to bo solved together, at the 
same timo, for values of « and t which will fit in both equations. The 
equotbns are called k'naor booauso the only powers of tho unknowns 
that appear are tho first power. Values that solve equations are said 
to aalta/p thorn. It is easy to solve these two oquatrans and find that 
9 = 2 and t = 1 is their solution. But it is a long process to solvo 10 
linear simultancoua equations in 10 unknowns, and it is almost impos¬ 
sible (without using a moohaniool brain) to solve 100 linear simulta- 
noous equations in 100 unknowns. 


darlvatlva, Intagral, dtfTarenttal equatton^ arc. 

Soe tlio HoctionB in Chaptor 6 entitled “DlfTorantinl Kquations,'* “Phyai- 
oal Problems," and "Solving I’liysical Probloms." There thoso ideas and, 
to some extent, also the followltig klcaa wore aqilainod: formula, eqnsr 
tion, function, difierentiul function, instantaneous rate of change, inter¬ 
val, invoTRO, intogmting. See idso a textbook on calculus. If y is a func^ 
tion of X, tlion a mathomaticnl symbol for tlic dorivativo of y with respect 

to X is -Day, and a ayinbol for the integral of p with raapoot to x, is f pdz. 
An integral with given initial conditions (see p. 83) is a definite vUoffrai.. 


axponanHal 

A famous mathenuitianl funotion is tlio exponanHnL It equals tho oon- 
atont e raiaod to tho x i»wor, e*, where e equals 2.71828* • *. Tlio expo¬ 
nential lies liotween the powers of 2 and tiia powore of 3. It eon bo eonv- 
puted from: 


c* 


1 -h-^— 

1-2 1-3-3 


+ 
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sao 

It ifl a aolatkui of the differential equation ^ y* See alio a teat* 
book oa oalouIuB. The aaponaatfoi to Ote ham 10 la 10*. 

logarithm 

Anotbor important mathemotloal function la the loganlkm. It ia writ* 
ton log c or log« x and can be oomputed from the two equatioiu: 

logUP "• logv + log P 

log(l + #)-*-^ + ^--, **<1 

id B 

It ia a Bolution of the differential equation « 1/y. If y ia the log* 
arithm of a, then a la the anbUogtsnUtsn of y. The loganitkia to Oio bow 
10 of a, lo^ X, equals the /cyariUm to (Aa bam e at x, loga x, divided 
1^7 k)S« 10* See alao textbooka on algebra and oaloulua. 


able, ooiliw, tangent, antitangent 

mieee alao ore important mathematieal funotiona. Hie and eotmt 
are aolutiona of tbe differential equation Dm {D^) « -^y and ore written 
as Bin X and ooa a. They oan be oomputed from 


aba 





l-2'S-4*6 


e e • 


coax 





l-2-8'4 


The tanyml of a ia almpty aine of a divided by ooeine of a. If y is the 
tangent of a, then a ia the antUangmU of y. See alao leferenoee on trigo¬ 
nometry and on oaloulus. 7Vvoiioin<tno tables include aine, oosiiio, 
tangent, and related funotkniB. 


Bosial functloni 

These are mnihwftmrirta] functdona that were named after Friedrich W. 
Beanl, a Pruaaiaa aotronomer who lived from 1784 to 1840. Beaeol 
funotionB are found aa some of the aohitiona of the rfiffmimtiiil equation 

a^ Dm (P^) + X D^ + 0®^ — n*)y — 0 

Thia equation ariaea In a number (rf phyri^al problema in the fields of 
eleotrioltr, aound, heat flow, air flow, etc. 


NOTES 





A mairtf b a table (or tma) of numben in rom and oolmniu, tor which 
addition, multiplication, etc., with similar tables is specially defined 
For emmiJe, the matrix 11 21 phu the matrix 6 201 equab the matrix 


34 


6 22 
08104 


100100 


(Can you guess the rule defining additionT) Calculations 


using matrices are useful in physice, engineering, payobology, statbtioB, 
etc. To odd a iguare mafris of 100 terms in an array of 10 oita 
10 rows to anoW such matrix, 100 ordinary additioiis of nunoberi are 
needed. To multiply one such matrix by aimther, 1000 ordinary miilti- 
plioationB and 000 ordinary udditions ore needed. Boe references on ma¬ 
trix algebra aiul matrix ooltni^ 


differences, smoothnou, checking 

On p. 221, a sequence of values of v b shown; 26,37,60,06,82. Bui>* 
pose, however, the second value of ]/ was roported as 47 Instead of 37. 
Then the di/ferencss of y os we puss down the sequonoo would not be 
11,13,16,17 (which b certainly regular or afnooth) but 21, 8,16,17 
(which b certainly not smooth). Ibe eocond set of diDforenoee would 
strongly suggest a inbtake in the rci^rting of y. Tho mooikneu of 
differonoas b often a useful chock on a soquenoe of roported values. 
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REFERENCES 


A liW* the pneent one pun oover only ft p&rt of the eubjeot of 
mnflWnm thiij; t.Tiinlf. Xo obtain iQora infomiatioii about theae maobineB 
and other toptoa to 'irhloh they are related there are many referonoea 
that may be ooneulted. There are stiU fenf books direotJy on the enbjoot 
of macihinflB that think, but there are many artiolee and papers, moat 


of than rather spenlaliiwl. 

Tbfl purpose of this supplement la to give a number of these refers 
enoes and to provide a bri^, general Introduction to some of them. Tiu 
referenseB are subdivided into grot^, each dealing with a brandh of tliQ 
subject. The references in each group are in alphabetical order by 
TfTrm of author (with "anonymous*' last), and under each author they 
are in ohronologioal order by publication date. Some publicAticms, 
especially a forum or symposium, are listed more than onoe, aoeording 
as the topic disonssed faUs in different groups. In this supplonen^ the 
sign three dots (. . .) next to the page numbers for an article indioatOB 
that the article la eontiiuied on later, nenoonseoutive pages, 

It seoned undesinble to try to make the group of referenoeB donling 
with a subject absolutely complete, so long as enou^ were givon to 
provide a good introduction to the subject. It proved impraotieol to 
try to make the oitatian of every tingle reference teobnioally oompleto, 
BO long as enou^ oitatkm waa given so that the reference could oortoinly 
be found. Furthermore, in a list of more than 2fi0 references, errors aro 
almost certain to occur. If any reader should send me additions or 
oorreotHinB, I shall be more than grateful. 
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THE HUMAN BRAIN 

No one yot knows Bpeoifloaily bow partioular ideas are tbou^t about 
in the human brain. The reforonoee listed in this section, however, 
contain some infomiatian about sueh topioa as: 

The Btruotural differences, development, and evolution of the 
brains of animals, apes, primitive nmn, and modem man. 

The effect on the brain of blood composition, body temperature, 
supply of oxygon, and other biochemical factors. 

The structure and physiology of the brain, the nervous system, and 
nerve impulses. 

The thoory of learning, intelligenoe, and memory. 

BABtBorr. Jqsvh, The Brain and Jta JSnvttmmenlf New Haven: Yale UnJ- 
versil^ Press, 1048, 117 pp. 

Bsach, PaAHx A., Payday for Primates, Nalural HUlaTy, vol, 06, no. 10, 
Deo. 1047. pp. 448^1. 

Bbaoh, Tbank a.. Can Auinmls BaBSon? Natwal Hisfory, vol. 67, no. 8, 
Mar. 1948, pp. 113-116 . . . 

Bmht, R. J. A., Rnria and Mindt or Ike Nervoua Svatem of Man, New 
York; The Maomillan Co., 1038, 008 pp. 

Bomfo, Edwin G., A Hilary of Experimental PepehotooVi New York: 
Century Co., 1030, 000 pp. 

PsANS, SuKPHiBD I., Tho Evolution of an Idea; How the Brain WaTka, 
Los Angeloa: Univeriity of Califomui, 1030, 86 pp. 

Hsibtok, C. Judsom, The Thinking Maohinat Chioago: Unlveralty of 
Chicago ProM, 1030, 374 pp. 

Hbcuok, C. Judson, Braint of Bata and Men, Chkcigo; Unlrersity of 
Chicago Press, 1080, 863 pp, 

IjAsirurr, Kabd 8., Rnrin Meehaniama and Inlelligeneo, Chioago: Univeriity 
of Chicago Press, 1020, 186 pp. 

Fusion, Hhnbi, Thought and Ike Brain, liondon: Kogan, Paul, Tnmoh, 
Trilbnor A Co., 1027, 303 pp. Also New York: Horoourt, Brace A Co. 
BcHBflDiNcam, Erwin, WhtB ia Lifef, Now York; The Macmillan Co,, 1040, 

00 pp. 

Shhuinoton, ChadiiIM S., Tka Brain, and Ita Meahaniam, Cambridge, 
England: TTio Untvenlty Pron, 1038, 36 pp. 

Tilnxt, Frmiqick, Tha Brmn from Ape to Man, Now York: P. D. Hoeber, 
Inc., 1028, 3 vol., 1076 pp. 

WiSNKB, Nobrebt, Cybometiea, or Control and Commurdealion in tha 
Animal and ike Machine, New York; John Wiley A Sonn, 1048,104 pp. 
Anonymous, Ten Billion Relays, Ttma, Fob. 14, 1040, p. 07. 
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AlUTHEMATICAL BIOPHYSICS 


hfi* rooQzitly boen anothsT approach to tho problem: How mOM 
a brain think? A group of men, many of them in. and near Chioagpi 
have been saying: “We know the propertiee of nerveSf nerve impulBaii 
end nimplii nerve networks. We know the activity of the brain. What 
TTu ^^hawm ti^ m l model of nerve networks is necessary to account for the 
activity of the brain?” These men have used mathematics, statiaUcs^ 
f-Titi nmtJumn'tiHftJ lo^o in effort to attack this problem, and they 
support a Buffetin of Mathematical Biophyaice, 


BounBDUiB, Auroif S., A Neural Meohanlom for Diaorlminatlon, Psyolio- 
metrilba, vol. 4, no. 1, Deo. IQSO, pp. 45-118. 

BaDsaHouiB, Aunoir 8., and Huswr D. Lakdahl, Maihemaiieal Bio- 
pkinui of lha Central Nervovt 8vatem, Bloomington, Ind.: Prinolpla 
P rf, 1948. 

LuniAH 4 TTmbhm* D., Contrlbutiana to the Mathamatloal Biophytioa of 
the Central Nerrooi System, BvUelin of Biophyaiee, toI. 1, 

no. 3, June 1089, pp. 05-118. 

IiAHBAHL, Hrasm D, Wahok 8. McCuvuxm, and WAwm Pitts, A Sla- 
tlatkal Oonsaquonoe of the Logical Caleulua of Norvous Nets, Biiltotfa 
of JfolAsniaXtoaf Diophynoa, vol. 5, no. 4, Deo. 1048, pp. 136-137. 

Lamdahi,, TTumr D„ A Note on the Mathematioal Biophs^aim of Ccntnl 
EhmlUtion and Inhibition, BtJleim of Mathematieal Biopkyaiea, vol. 7, 
no. A PP- 310-331. 

IArtik, Jsboks Y., and Wawsb Pms, A Mathematical Theory of the 
Affeetive Pqyohoees, Bulletin of MaUiemaiiofd Biophyaiaaf vol. B, no. 4, 
Dee. 1048, pp. 130-148. 

McCdujoch, Washiw 8., and Waiam Pms, A Logtoal CalouhiB of the 

Imnuumt in Nervous Aotivi^, BuUotfn of Malhentatical Bio~ 
vol. 6, no. 4 , Deo. 1048, pp. 115-138. 

RABUSTSar, N., ifathamatieal BtopAynos, Chioago; TTnivendty of Ohloeso 
Prew, reviled edition, 1048, 000 pp. 

RABHnUT, N., Mathematioal BiophysiaB of Abstraotion and Ixigionl 
Thinking, Biiflefm of Mathematioal Biophyaiaa, vol. 7, no. 3, Sept. 1046, 
pp. 133-148. 

Rabbstskt, N., Some Hemarke on the Boolean Algebra of Nervous Note 
in Mathematioal Biophytice, Bulletin of Mathematioal Biophyaiot, vol. 7, 
no. A l>eo. 1046, pp. 308-311. 

BASHsnxT, Nf A Buggartion for Another Statlstieal Intsrprotation of tho 
Fundamental Ecfuationi of the Mathematioal Biophyalos of tho Ccnlral 
Nervou System, BuAaltn of Mathematical Biophyauia, vol. 7, no. 4, 
Deo. 1046, pp. 333-338. 

Raohstskt, N., The Neural Meohaninn of Logical Thinking, BuUoiift' of 
J/atAenatioal Biaphyaaeat voL 8, no. 1, Mar. 1040, pp. 39-40. 
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LANGUAGES! WORDS AND SYMBOLS FOR THINKINO 

Hardly any field of teohniqueB for thinking ia more faaoinatiDg than 
language. The following list of referenoee, of ooorse, ia abort; it is 
meant chiefly aa an introduction pointy out a number of different 
patha into the field of language and languages. Such toplea as the 
foUowing are introduced by the raferenoas in this list: 

The origin of tanguagee and alphabets. 

The languages of the world, and speech ooaununitiea. 

The comparison of words and structure from language to language. 
The significance of grammar and syntax, 
llie problem of clear meanings. 

Writing and speaking that is easy to understand. 

Buoicnaui, Lbohabd, Langiuige, Now York; Henry Holt A Co., 1033, M4 pp. 
BeoKSi, FasDSBiOK, and Laumoblot Hcmbkit, The Loom of Langirnffo, New 
York: W, W. Norton A Co., 1044, 003 pp. 

FtncH, Rudolt, The Art of Plaui Talk, New Yoric: Harper A Brothers, 

1040, 310 pp. 

Ghurr, Wnxssc L., hangonge and Langxumot: An IniToditoiion to lAn- 
ffuulieM, Now York: D. Appleton A Co., 1QS3, 487 pp. 

Hataxawa, S. I., Languoffo in Aolian, Now York: Harootui, Brace A Co, 

1041, 840 pp. 

JasnasaM, Otto, The PhdfnenjAy of Ommmtir, Now York: Henry Holt A 
Co., IQSO (third printing), 800 pp. 

Jnpasjm, Otto, Analylie Syntax, Coponliogon: Txsvin and Munksgaard, 
1087, 170 pp. 

In this book, by moans of a well-oonLrivod synlom of InlLon and signs, 
the groat linguislio seholar Josporsfin dcpinls all tho hnportant Inler- 
nlations of ISngluih wonis and parla of words in connected spooch. 

OoDEM, C. K., The Syslom of Bomc SapUak, Now York: Harcourt, Brace A 
Co., 1084, 330 pp. 

SoBLAUCH, MAnoAsKT, The Oifl of Tongue*, Now York: Modom Ago Books, 
1043. 843 pp. 

Walpoln, Huon R, SemofUtes: The Natvre of Word* and Their Meanbiga, 
New York: W. W. Norton A Co., 1041, 304 pp. 


LANGUAGESi MACHINES FOR THINKING 

For many yoani, nearly all reforonoes about nuichinos ns a language 
for thinking have liccn spocialiscd and limitod. Colleges with scbolaia 
who write textbooks usually have not had a varioty of expensive and 
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TBTsatils oomputiiig maohinery, Ab a result, the maiii eiiTironnMiit for 
athnulating poaible authora has until recently been mining. Hie llat 
of referenoes ia aooordin^iy brief. 

Aixnr, BevABD H,, and others, TV oo ee Jfnga of a Sympoaiitm on Laroo^SoaU 
Digital CdlatkUing MaakitUTy, Cambridge, Maaa: Harvard Unlvendty 
Ptob, 1048, 803 pp. 

GouBn, JoHH TjtBTjTS, Hie Application of Conamandal Calonlatlng Mnoblnoa 
to Soientiflo Computfaig; Mathematical Tables and Other Aide to Con- 
ptUatioti, vol. 3, no. 16, Oot 1046, pp. 140-169. 

Ctev, E, Wq Calonlatlng Maohinee, The Enpmeer, vol. 17S, Deo. lOAl* 
pp. 480-441, 

S»r, hfAooar, Dengmng Computing MeehaniatrUf Clevaland, Ohio: Fenton 
Fubllflhing Go., 1040,48 pp, (Beprioted from Maohine Deeifffit Aug. 1045 
through Feb. 1046.) 

Hiana^ D. R., C a leulatmg Maehinea: Recent and Proepeotive Develop- 
menta and Their Impael on Mathemaiioal Phpauw, Cambridge, E n g tand s 
Tha TJnivandty Ptem, 1047, 40 pp. 

BnaasDSOR, B. H, Modem Inetrumente and Method* of CaXottlaiion, Iioor 
don: 0. Bell and Bone, Ltd., 1014, 848 pp. 

Lmjit, 8, Mathematiaal Macbioes, Nature, vol. 149, Apr. 35, 1043, pp. 
463466. 

UunAT, FkAiraiB J, The Theory of Mathematieal Maakmee, New York: 
EingNi Crown Pr«s, 1947, 116 pp. 

Hie author atatei that a manhlnA j[e a mw*^"**'^*** that 

providea infonnatlon oaounming the relatloiiriilpe among a speolfled eet 
of mathamatiaal ooncepta. 

Towat, J. A. V, The Origin of Modem Calculating Maehmsa, Ghioago: 
Westarn Society of Bngfaieen^ 1031. 

ABcently, however, some magaiine and newspaper' publifibora have 
Been news value in maohhiee that think, and a qj n e good general artiolos 
with appeal to a wide audienoe have appeared. For the rafareDoes to 
these artioleB, see the seotion of thi* supplement entitlod ^‘Digital 

\rH(llli nH< A'fiMnAnn'pftm KI ** 

PUNCH-CARD CALCULATING MACHINE 

Hwre are a few general referenoes cm pnoohnsard calculating mnobines; 

a Wam*. editor, and othen. Pmetual ApplieaHone of the 

rm^d Card Method m CoBegee and Vnit/erntiee, New York; G^umr- 
Wa nnivendty Prem, 1086, 443 pp. 

, ^ cdleetlon of many oontrlbutiona from a number of authoiw, 

iwsoribfng various applications, chiefly ednoationaL 
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BujLMCf, W. J.j Pvnehed Card MelhodM m Soientifio CompttUUionj Nenr 
York: Colun^ia, nnlvenity, The Thomai J. Wataon Aatronomlcal Com¬ 
puting Bureau, 1340, 180 pp. 

This is a eoieatiflo treatise, ohlelly relatiiig to the oomputatioa of 
orbits in. astronomy. 

HAsmonm, Habbt Fau^ Prtno^Dlae of Pvneh^ard MooMtie Operoltoa 
(Subtitle: How to Operata Pvneh^ard Tobulolinff oiuf Alphabetio 
AcaoufUing Machinea), New York: Homas Y. Crowell Co., 1043, 300 pp. 

This is based <m the author’s experienoe in statistioal analysis 

using IBM tabulatom. The book does not deal with the ooUator or 
multiplying punch. 

Hbutt, K. J., Tha Devalopmenl of tho Pwehad Card Method, Aotuarial 
Society of Australasia, 1046, SO pp. 

limBNATWNAi, Busorsaa Machimss CoeKOATicnr, IrUamational Business 
Maehinea (form no. A-4()B8-&4S), New York: International Businem 
Machines Corporation, 1046, 06 pp. 

Pages 0 to 81 show pictures and brief desoriptlons of about 30 pundb- 
eard machines, available in 1046. 

SaBWAOiua., H. G., and H. C. IiANO, AccoimUng by Maohine Methods, 
Now York: Ronald Pren Co., 1030, 68 pp. 

Woi^, Abthub W., and Edmitnd C. Btamur, Advanoed Course fa 
Punched Card Operationa, Newark, N. J.: Prudential Insurance Company 
of America, 1043, 08 pp. 

A useful and authoritative description of IBM punch-card calculating 
numhinery is the following: 

IrmsifATioNAL Busmiiaa Maohihw Oorfqbattok, DcpAimneMT or Ehuca- 
noM, Mochine Methods of Accovnlino, EndlcoU, N. Y.; International 
BushioBB Machinos Coiporatlon, 1080-^1, 885 pp. 

This is a oolloction of 28 soparnto txmkiota teithig the detailed operation 
of IBM punch-card machinery. They wore written for employeoe of 
IBM nnd users of IBM equipment. The following list of the booklets 
is useful in locating thorn: 





No. or 

Titu 

Form Na 

Datb 

Paom 

Machine Methods of Accounting—Fonword 

AM 

lose 

6 

Duvnlopmont of IBM Corporation 

Prindplos of the Moolrio Accounting Ma¬ 

AM-1-1 

lose 

14 

chine Method 

AM-3 

1088 

13 

Tho Tabulating Ord 

AM-8-1 

1086 

20 

Design of Tabulating Cards 

AM-4-1 

1036 

16 

Propamtion and Use of OoiIcb 

Orpnisatlon and Supervision of tho Talra- 

AM-6 

1086 

38 

latlng Department 

AM-6 

1036 

16 





BESBBBNCE8 


TroM 

Fobm No. 

Dan 

Na or 
Paean 

Seleetlon ezid Training of Key Ponoh Opor- 

atora 

AM-7 

lose 

13 

Aocounttog Ooabol 

AM-8 

1030 

8 

Punohes 

AM-0 

lose 

18 

Alphabetlo Printing Fnneboa 

AM-10 

lose 

7 

Puts to Show about Key Ponohes 

AM-11 

lose 

4 

Veilflein 

AM-13 

lose 

4 

Cang Punebos 

AM-18 

lose 

8 

Card-Operated Sorting Maohinea 

AM-14 

lose 

13 

Phets to Enow about Sortem 

AM-14a 

lose 

4 

ESeotrlo Tabulating Manhhua 

AM-16 

lose 

90 

JSSaotrlo Aoeoimting Mnehlnce CTypo 2Sff and 

Typo 307) 

AM-ie 

lose 

16 

AlpbaboUo XMreot SubtraoUon Aeooiintlng 

Muhlne 

AM-17 

lose 

98 

Nunwrioal Interpretara 

AM.18 

lose 

8 

Elaotria Punched Card Interpreter (Type 

503) 

AM-18a 

1941 

8 

Hepn^iidng Ponehoa (Type 513) 

AM-10 

lose 

16 

Automado Summaiy Punohea for Uao with 
the Numerical AoooonUmg Maohinea 

(Type 385-307} 

AM-20 

lose 

le 

Antomatie Snmmazy Punohea for Use with 
the AlphaboUo AoeounUng Maohinea 

(Type 405) 

AM-30a 

1040 

10 

MuMplylng Fnnehea 

AM-21 

lose 

le 

AppUeatkm of Maohinea to Aeeountlng 
Fnnctkna 

AM-32 

lose 

a 

34 

Other Intematlmal Produota 

AM-38-3 

lose 

10 

The International Anteonatio Carriage aType 

031) 

AM-24 

loss 

16 

Tile Department of Eduoation of IBM has begun 

a eeoond series 


of booUeta on the principleB of operation of punoh-oard oaloulaCiug 
maobinety: 

ImHocAnosrix. Bneiime liiACHiHie Oobpobatidn, "DtPAanam ov 
CAVioQf) Principtei of Oparalionj Endloott, N. Y.: InteniAtional BtieineM 
Maehinee Corporation, 1042 and later (except for one published in 1030)* 

Many of the booklets in this series have good examples of machiuo 
operatioii and applioations. Also, for the first time, letters and num¬ 
bers have been used as coordinates to label the hubs on the plugboards. 
TUr series inehidea the following: 
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No. OF' 

TrrtM 

Pome No. 

Bara 

Paoaa 

OABD PONOHaa AMD vaBmufl 



Cord Ptmohing and Vorifyfaig Maflhlnc 

63-3170-0 

1040 

31 

AlphaboUeal Veiifior, Typo 0fi6 


1040 

4 

TMraBPBMTBHB 



Card Intorproten, A51, and 




652 

63-8178-0 

1040 

14 

BSpnoDucma 



AutomaUo Raprodudnc Punch, Typo 618 
End Printing Beprodnolng Pimoh, Typo 

63-81S0-0 

1046 

23 

610 

Electric DooumantOri^natfatg Maehino, 

62-8208-1 

1046 

36 

1^610 

63-8303-3 

Jane ID4S 

36 

OOUiATOBB 



Collator 

AM-36 

1048 

81 

Collator Oounllng Bovloo 

C.R. 0178 

1043 

13 

OAijOunATiifQ puMcnaa 



Eloctrlo MultlpUor, IVpo 001 

63-8408.1 

1M7 

47 

Calculating Punch, Typo 003 

63-3400-0 

1046 

88 

Calculating Punch, Tytx) 003 

Calculating Punch, Tyjio Q03-A (Pro- 

63-8400.6 

1047 

08 

hmloaty htanual) 

23-6480-0 

1048 

69 

Eloctranlo Multiplier, TVpo 008 

63-3601-0 

1040 

5 

Eloolronio Calculating Punch, Typo 004 

23-6270-0 

1048 

61 

TAJIUliATOafl 



Accounting Maohino, Typo 403 and 40S 
(Frolimtoary Manual) 

Alphabetical Accounting Maohino, Typo 

33-6064-0 

1040 

146 

404 

Typical ApplioaUona, Alpltaboiieal Acy 

63-8306.1 

1040 

00 

counting Maehino, TVl>o ^04, with 
Multiple Lino Prlntlug 

33-8771-1 

1047 

47 

Alphabetical AocouuUng Machine, Typo 

AM 17(1), 

1048 

00 

406 

IluviHtid 

1/1/43 



AlphaboUcal Aeeounling Macliino, Tyiw 




406 

63-3170-3 

Nov. 1048 

81 




BElTEBENCnSS 


Trru 

FoBte No. 

Dan 

No. enr 
Facm 

Aurasuno vanmifa oabbiaosb 

Bni Feed, IW 930 63-81840 

1046 

21 

Form Feoding Device 

63<83854) 

1940 

11 

Automatic Carrlagei, IVpe 921 

63-8188-0 

1046 

SO 

H^te-OoutroDed Carriage (Preliminary 
Mannal, Bevleod) 

33-M16-1 

1048 

37 

TSBT BoomHO tuoRtino 

Sooring Machine 94-38884) 

1080 

10 

Test Scoring Machine 

83-0146-1 

May 1040 

30 

Pabhriind ToRta Adapted for ITae with 

the IBM Electric Test Scoring Biachhis 

37-4386-0 

June 1948 

8 


In addition to the new types of puuoh'oard maohinea referred to in 
the abo76 list, an elaborate punob-oard oaloulating meohine is described 
in the following reference: 


Bonr, W. Hie IBM FlugBoble Bequenue Belay Caloulator, Mctke- 
maUcal TViUm tmd Othsr Aida to ComptUaiionf toI. S, no. 38, July 104Bi 
pp. 140-lfll. 

A description of punoh-oard maobinery in rather a light vein, ie 
contained in: 

Ahomtuoub, Spealdng of Ptoturee: New Meohanioal Monsteie Baao Life** 
Oniwing Fai^ Lifo, Sept. IS, 1047, pp. 16-10. 

Amnmious, Chioago: Tmte-Life-Fortune Magaslne, Subeoription. Ftil- 

fllhnmt Office, 1048, IS pp. 

■ 

New types of punch-card niaohinery are continually coming into ueo. 
Among them ore: maohinea that take in punch cards and make punched 
paper tape (aneh as teletype tape), and vine versa—useful for tnma- 
mitting puneb-eard - infonnation over wiree^ an electric typewritor 
operated by punch cards—useful for preparing ahnanacs for sea and 
air navigation, etc.; a calculator progranuned by punch cards, consisting 
of oo asBombly of a tabulator, an eleotronio oaloulating punch, and an 
auxiliary storage unit, all cabled together—useful for some t 3 ^pes of 
long oaleulation; etc. For information about suoh maohinery, ilia 
manufootuiers may be consulted. 


PUNCH-CARD CALCULATING MACHINERYi APPUCATIONS 

■ 

There are nmny articles in soisntiAo journals on applications of 
punoh-oard c a lnnl a tin g nuchinery to technical problems. The fields of 
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ongmoGriBg, educatkm, mdeodng, mathematioe, surveying, statiatioe, and 
others are all r e proaonted in the foUo'wing list of sample referencea: 

Aia, Pbura L., Multiplication of Mabrioost MtUhm€Uioal SToUss and Other 
Aide to Computation, yol. 3, no. 18f Jan. IMO, pp. 13-18. 

Baiicr, C. and othera. Punch Cards for Indexing Soientlflo Data, Boienee, 
vol. 104, Aug. 38, 1046, p. 181. 

Bown, E. C., On Subdividing Tablae, lAeh Obeervalorp Bidletin, vol, 10, 
no. 48fi, Nov. 1083, pp. 148-144. 

Bowse, E. C., Systematic Subdivision of Tables, lAek Obeervatory Bulletin, 
vol. 17, no. 407, Apr. 1086, pp. 06-74. 

CIAUKa^ Q. M., and Paul Hwwist, Optimiun-Intorval Punched-Card 
Tables, MalhemaUetd Tablee and Other Aide to ComputatioTi, vdl. 1, 
no. 6, Apr. 1044, pp. 178-170. 

CuLunr, Fbakk L., Use of Accounting Uaohmee for Mass Transformaticia 
from Qeographic to MUitaiy-Grld Coordinates, Waehington, D. G.: 
National Hesearoh Council, Amarlooii Cfoophyeteal Union Traneeclione 
of 1043, part 3, pp. 100-107. 

Dcuma, W. EuwAana, and Mobris H. HAiceeK, On Some Census Aids to 
Sampling, Journal ol the Ameriean Btalielieal Aeeooialion, voL 88, no. 336, 
Sept. 1048, pp. 868-367. 

Dukuf, Jack W., The Compulation of Moans, Staudaitl Deviationa, and 
Correlations by the Tabulator When tho Niunboni Am Both Poaitire 
and Negative, Proeeodinoa of the Bdxtealional Reaeank ^orwn, Inter* 
naticoHl BudnesB Machinos CoirporAlion, Atig. 1040, pp. 16-10. 

Dwm, Paul B., Tho XTbb of Tables In tlto Form of Prepunched Cards, 
Proeeedmffa of Ike Educational Reeoareh Fomm, Intenatimial Budnem 
Msohines Corporation, Aug. 1040, pp. 136-137. 

Dwtk, Paul B., Summaiy of Problnins hi the Computation of Ststistieal 
Constants willi Tabulating and Sorting Machines, Proceedinoe of the 
BdHcational Roeearch ForUm, InleTnational Budnesn Mochhus Corpe^ 
ration, Aug. 1040, pp. 30-38. 

Dwtbr, Paul 8., and Alan D. Moacram, Tho Preparation of Correlathm 
Tables on a Tahulnlor Equipped with Digit Boleotion, Journal of the 
Atneriotm StatiMlieal Amodalion, vol. 83, 1037, pp. 664-0S3. 

Dm, H. S., Making Tost Score Data EOeoUve in the Admisdon and 
Course Placement of Han’ard Freshmen, Ptooeedingt of (As AsssoroA 
Forum, International Budnem Maohince Corporation, 1040, pp. 86-08. 

EoKnrr, W. J., and Ralph F. Hadft, Tho Printing of Matbe m a tl oal Tables, 
Mathematical TabJei and Other Aide to Computation, vol. 8, no. 17, 
Jan. 1047, pp, 100-303. 

FmKBTEiN, I^LLUN, And MARTm SciiwABioHiU), Automatio Integration of 
Linear Scoond-Ontor Diftorontial Equations by Moans of Punchad-Cord 
Machines, Actriets of Soientifie Inelrtanente, vol. 13, no. 8, Aug. 1041, 
pp, 406-408. 

HoRUJMa, Haaoia), Some New Moihods in Matrix Calculation, TAe Aaitab 
of MalkomaUeal vol. 14, no. 1, Mar. 1048, pp. l‘^64. 
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iHTOOffATioNiL BiTBiinBa MAGHnw OoBmunoN, nditor, Bod othan, Pw- 
oo9dmg* of the BdaeaUonol ReeearoK Poruna^ EndlooU, N. Y.: Itttar- 
national Buinaai Maohtnee Corporetioii, 1041. 
linauTiaraMiL BmiNM Machinm Cobfobatboit, otUtor^ and othen, Pro- 
CfSediagB of the ReMettreh Fonim, ^dioott, N. Y.; Intoraatloiial Bud- 

ne« Maohinee Corporation, 1040, 04 pp. 

Eiira, QiuBtr W., Punohed-Caid Tabla of the Bxponetitial FunotJonj 
Bovmw of SeienUfUi ItutrwnenU, vol. 10, no. 13, Deo. 1044, pp. 840-800. 
Kara, Oilbebf W, and Qbobgb B. Thoiuo, Proparmtion of Punohed-Caid 
Tables of LogEtrltbma, Review of Soient^Ut Inatrumenia, vol. 10i no. 18, 
D«q. 1044, p. 800. 

Koaun, Mabk, A Note on the Integntinn of Linoar Sooond-Ordor DM- 
fenntial Equatlona by Maanii of Punobad Cards, iBouieta of Scte^tifio 
InttnmeTiU, vol. 14, no. 4, Apr. 1043, p. 118. 

Koauxa, Mask, Kumerioal Solution of the Boundaiy Valuo ProbloTn for 
the Potential Squatim by Means of Punched Cards, iZerfeip of Soien- 
tifie /nftrwnanta, vol. 14, no, 8, Aug. 1043, pp. 048-360. 

Koama, Mabk, and jBHim F. Koaioa, Numerioal Solutltm of Initial 
Tahw Frobleme by Means of Punobed-Card Maobinoa, JJeviow of Soum- 
iiJle IfutnmeHta, vdl. 16, no. 1, Jan. 1045, pp. 7-0. 

Kum, Q. pBiimc, TTae of the IBM Booring Machine for Bapid Compu¬ 
tation (rf Tablee of Ihteroorrelations, Jovmal of AppRed Patfcholaffjf, 
vol. S3, no. 0, Deo. 1038, pp. 687-096, 

Mazbuclo, D. K., Ubiaiy Punched Card Frooedurea, Lebrarjf /ouniaf, 
vol. 71, no. 13, June 16, 1040, pp. 002-000 . . . 

MoLiUGBUBr, KATsiinsK, Adriln g Machinee Nip AB!F BpidomlcB, Nov 
York: Ne» York Times, Apr. 37, 1046. 

MdPHBBSOQf, John C., On Mechanical Tabulation of Polynomiala, Anaols 
of Malhemetiad Statutica, Sept. 1041, pp. 817-337. 

MqPhibsox, John C., Mathematical OperationB witli Punched Gards, 
Jottmal of the Amerittm Staiieiiodl Aasocwiion, vol. 37, June 1043, pp. 
376-381. 

MujUman, Wekdku. Aq Meohanioal Multiplication by the TJee of Tabo- 
lating Machinee, T^oneacfioiu of the Aciuanal Soeietv of America, ral. 
36, pert 3, Oct. 1034, pp, 363-364; for dieoueeion eee aleo vol. 8B, port. 1, 
May 1085, pp. 77-84. 

Bora, Buiaa B., A Machine Method for Computing the BiBarlal Correla- 
taoo. C oefliet eot in Item YaUdaticn, Fipohometnjfea, vol. 6, no, 1, Peb. 1041, 
pp.56^. 

WnrtKK, C. Jl, Triangulatioo Adjustment by Tn tan nBoalnoBB 
Machinee, 'Waahingtoii, D. C.: National Reeearoh Council, Amarictm 
Oeophysieal Union Tmjttaatioiu of 1043, part I, p. 81. 

The foDoiving bibliography may be obtained on request to the Wat¬ 
son Sdentifio Computing Laboratoiy, Columbia Univsnsity, 612 Woflt 
lie Street, New York 27, N. Y.: 


THB DIFffEEBKTIAli ANALYZBB 


Wavon So M MT m o CoMFunHa Labohavobt^ BibUogntphv: The Use of 
IBM MaeMnee ^ SoienUfie Beeearokf Statutioe, and Sduoaliont Ksw 
York: Internotlannl Bu^en Maobinet Corporation (form no. B0-B813-0), 
Bopt. 1B47, 36 pp. 

The oTganlution and equipment of thk laboratory are deaerlbed in; 

Eoxm, W. J., Pamlitlee of the Wataon Soiontifle Computing Lebomtoiy, 

■ _ 

Prooesdinps of the Beaeareh Forumt Inlonimtional Buaineai Maoliiihas 
Corporation, 1946, pp. 76-80. 


THE DIFFERENTIAL ANALYZER 

The baaio BoienUflo artioles on the two diffcrontinl analsnera at 
Maasaohusetta Institute of Toohnology are: 

Bueh, VAirmnui, Hie Differential Analyser: A Now MaOhine for Solrlng 
ISifforcntial Equations, Journal of the Fnnhlin JtutiliUBf vol. 313, no. 4, 
Oot. 1981, pp. 447-488. 

Bubh, Tanhstab, and 8AMoai;i H. CaiiSwbex, A Now Typo of Differential 
Analyser, Jovrnal of the JnelUvte, vol. 240, no. 4, Oct. 1046, 

pp. 366-836. 

Somo of tho leaa teehniool artloloa about tbo eeoond differential analyser 
at MJ.T, ore: 

Caujwkll, Sahukl H.j Educated Maohfaiory, Technology Review, vol. 48, 
no. 1, Kov. 1946, pp. 31-84. 

Q-mner, N., 100-Ton Brain at MJ.T., Seholaetie, vol. 48, Fob. 4, 1940, p. 86. 
Andicticoub, Mathcmatioal Machine; Now Elnotranio Differential Amilyscr, 
JSejenee Newe Lnller, vol. 48, Nov. 10, 1946, p. 391. 

Akoxtuous, llolK>t Einstein: DiffcronUal Analyser at MJ.T., Netretreek, 
vol. 38, Nov. 13, 1046, p. 08. 

Awontuoub, MJ.T.'a 100-Ton Mathemnlioal Brain is Now to Tackle 
Probloras of Ponce, Popular Sdenco, vol. 148, Jan. 1046, p. 81, 
Axonthods, Tito Croat EloalnvMoehanienl Drain; MJ.T.^s Difforontlal 
Analyser, Life, vol. 30, Jan. 14, 1046, pp. 78-74 . . . 

AxoirruouH, All the Answers at Your Finaortips; in the Ijabomtory of 
MJ.T., Popular Mochanice, vol. 86, Mer. 1946, pp. 164-167 . . . 

A differential analyser was built at tho Moore School of Electrienl 
EngincGring: 

Tbavis, Ibven, Difforemtial Analyser Eliminates Drain Fag, Machine Detign, 
July 1986, pp. 16-18. 

A differential analyser was built at the Qonoral Elcotrio Company, 
Sobenootady, N. Y. Instead of udng a mcchnnieal or clootrica] ampli- 
fler of the motion of tbo little turning wheel riding on tbo diso, this 



beferbncfs 


maolunG foUowB the motdon using polariied light This maohijM 



dessribed in: 

Bkht, T, M_ Polarised-LIght Servo System, Tranaaoiiona oj tAe Awrioen 
InMiitMte oi XUelTtoal Bnffineen, voi, 08, Apr. 1044, ly- lW-W- _ 

Kothwi. H. P, and H. a. Pwwo», A New 
aetittu of the Ameriean IneUtule of Sleotrieal Bnffiaeen, vol. 08, May 

1044, pp. 881-<a37. 

A differential analyser has been put into use at the ITnivetsity of 
California; 

Boaum, L. M. and others. The 2>4ffsrsnZfai Analyeor of the UniveraitV 
of CaKfornia, Lem Angeles: Univomily of CWifonaia, 1047, 28 pp. 


A differential analy^r was built at Maaoheirter Uniroraty, England. 
It was built first frtan "Meocano” parts, at a total cost of about 20 
pQunda, and later refined for more exact work. S<ano ortiotofl doftHng 

with this differential analyser are; 

Humn, D. B- The DifferenUal Analyser, AToiitfO, vol. 186, Jona 8, 1085, 


p. 040. 

Hume, D. IL, The Mechanioal Integration, of Differential EquaUooa, 

The ifathematieal CfoMeite, vol. 22, 1038, pp. 842-364. 

Hums, D. R., and A. PoEtTw, The Coostruotion of a Model Difforondnl 
Analyser, Memoin and Praceedinge of the Maneheetnr lAterojy ond 
PkHomphieel SodetVt voL 70, July 1036, pp. 61-72. 


Other small-scale differential analysers built in England are covered In: 

BbabDj R. B., The Constnntlaa of a Small Soule Differential Analyser and 
Its Application to the Caloulalion of ADtiwrliil Fiinotions, Joitnwl of 
the InetUule of Aeivariee, vol. 71. 1042, pp. 103-327. 

Massst, H. 8. W., J. Wtub. and R. A. BucKuraaAK, A Small Scale Dif¬ 
ferential Analyser: Its Cmistruetion and Operation, Prooeedmira of the 
Jioyal ItiA Aoodsmy, vol. 46, 1088, pp. 1^1. 


A differential analyser eonstrueted in Germany is briefly deeoribed 
in the foUowing: 

Sato, R., and H. POnen, Integrating Machine for Bolviiig Ordinary Dif¬ 
ferential Equations, Begiaeen J^igeet (Amerioan Bdltion), vol> 1, May 
1044, pp. 838-838. 


Fran the historical point of view there are some intereeting impera 
on a machine for solvi^ differential equationa by Sir William Thomaon 
(Lord Kelvin), Including one by his brother James Thooxison. They 
are in the Proeeedinge of the Royal Sodety, vol. 24, Feb. 1876, pp. 
263-27A The method of hitegratkm by a maohine is described, but 
the state of machine tcxils at the time was such that no aeourato 
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meohaiUBm woa oonatruoted. Another mtoreeting ptper foreehadowing 

tho differential anaiyier is: 

Waenwbkiht, ItAWBHifOB Lt A BaiUaiie BngiiUf CSiioago: UniTenity of 
Cbleego, tbeaii for Master^ Degroe, IS881 38 pp. 

Some of the apphcatioiiB and mathematkial limitations of differential 

analyien are oovered in: 

Bush, V., and 8. H. CaldwiiUi, Thomaa-Fermt Equation Solution by the 
Differential Analysor, Phj/tieal Review, vol. 88, no. 10,1081, pp. 1808-1003. 

HAann, D. R,, A Qraat CalouJatins Machine: Iho Bush Differential 
Axudyeer and Its Applioationa in Soionoo and lodustry, Proeeedinoa of 
iho Royal InMiUiUim of Oreat Brilain, vol. 31, 1040, pp. lfil-170. 

Havtub, D. R., and A. Foam, The Applioation of the Difforential Anaiyeer 
to Tninaientii <hi a Distortionlan Tranamiaalon line. Journal of Uia 
InttUuU of Bleelrioal Bngineerino, vol. 88, no. fiOB, Nov. lOSB, pp, 
04S-ttfi6. 

HARnn, D. R., and J, R. Woicicanjnr, A Molhod for tho Ntiinorieal or 
Meohanioal Solution of Certain Types of Partial Differential Equation!, 
Prooeedinpe of Ihe Royal Soeiely of London, torlee A, vol. 101, 1087, 
pp. 308-300. 

MAOurNiss, F. J.. Difforontial Annlyior Applioationa, fTenerol JSleatrio 
JZevtew, vol. 48, no. 6, May 1040, pp. 64-60. 

Shamnoh, Cladm E., Malhomalicnl Tbooiy of tho Difforontial Analyser, 
Journal of Malhemalie* and PkyeieM, CaDihriclge, Mnm.: Manaohueetts 
Inatituto of Tcolinoiogy, vol. 30, no. 4, 1041, pp. 337-304. 


HARMONIC ANALYZERS AND SYNTHESIZERS 

Another branch of tho nnniogiio oolouliiling machino » tho bannonio 
analysor and synthceiior. Them are mnoliincs that study wnvo motions 
and related physieid and mnthonuttioiU fimetiuns. A brief list of articles 
on this tj'pe of machine follows: 

Aaoim, R. M., ProjoolinR ApiAmlua for Compo(m<ling Harmonic Vlbra- 
tiom, Journal of IScicnlific InelrumerUe, vol. 14, 1987, pp. 408-410, 
Riowh, 8. L., A Moohanicul Hannonio SynlhcfdxoT-Analyaor, Journal of 
the Franklin InalUute, vol. 338, 1B30, pp. 070-004. 

Baowu, 8. L., and L. L. WuKKUat, A Mooluuitoal MoUiod for Qmphioal 
SohiiioQ of Polynomiuls, Journal of the FroukUn InalUute, vol. 331, 1041, 
pp. 233-343. 

Bnowx, 8. L., and L. L. Wnneuat, Uao of Lho Moolianioal MiillUiarmono 
Sreph for Graphing Ty|M?M of Kunolifina unci foi* Boliilion of Pairs of 
Non-Linoar Bimullnncoiia EqiudlonM, Raview of Seionlifie Inairumonta, 
vol. 13. Nov. 1043, pp. 403-406. 
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Bbow 3T| 8. and L. L. Whour, Tlie TToa of a Maobanioal ^ri^thoilRar to 
Solvo Trigonometrio and Certain lypos of Tnuueenden tal Bquatioiii^ 
and for the Double SununatioDs Involved in Pattenon Contoun^ i/oerfial 
of AppUed Phyaica, vol. 14, Jan. IMS, pp. 80-86. 

TOsm, E.. and E. W. Pbikou, A New Photo^leotrlo Method for Courier 
Qyntbaala- and Analyaia, Londorif Bdinburgh tttul Dvbtiia PhUotophiepl 
MagaaiM and Journal of iSeienee, vol. 86, aerioe 7, 1M4, pp. 048-O6& 
ImiiMaTiONAL Htdsogbaphio Bcuau, Tide Prediotinff MaokineM, Inioi^ 
national Hydrogniphio Bureui, Bpeolal Fublioatim 18, July lOSO. 

Kun^ PawBiOK W., A Meohanlo^ SyntheeiBer and Aualyxor, Jotanal of 
the PrankUn IiulUute, vol. 304, 1037, pp. 346-363. 

Mabbu, F. a.. An Automatic Vibration Analyaer, BaU Laboralorin Rn- 
ordj vol. 33, Apr. 1044, pp. 870-880. 

Maxinu, L. E, An Electrical Method for Compounding Sine FunoUona, 
Eeview of Saimlifio InalTvmerUSf vol. 11, Feb. 1040, pp. 47-64. 

Mnua, DATSOir C., A 83-Elenient Eiannonio Synthoaiier, Journal of fke 

FnniMia I na tU iU e, vol. ISl, 1016, pp. 61-41. 

Mnui, Datvon C., Hie Henriei Harmonic Analyaer and Devioca for 
Bstending and FacUitating Ita Uae, Journal of tha PrankUn IntHtuUtf 
voL 183, 1916, pp. 386-833. 

Miur^ J« E, A '*Dupleoc“ Form of Harmonic Synthetieer and Ita Matlw- 
matinal HiMry, Proeeedbtpa of the Royal Society of Bdinburgl^r vol. 30* 
1018-10, pp. S34.-843. 

MaamoiiBT, H. C., An Optical Harmonic Analyaer, BeU Syeiem TeeAnfcnf 
Journal, vcd. 17, no. 8, July 1088, pp. 406-416. 

RATUfoni, W. J, An Harmonic Sjmtheaiaer Having Compononta of !•>• 
eonuotfuarable Period and Any Dcelred Decrement, Pkyaieol Kevifw, 
voL 11, BericB 3, 1018, pp. 470^1. 

Eoeaenoif, J. M., A Simple Harmonic Continuoua Calculating IVIax-'liine, 
-boiidoii, AUaburpA end Dubiiii PkUoeophioal Moffaeins and Journal of 
Seienee, vol. 18, 1083, pp. 418-410. 

SoimvnxK, J. M., Harmonic Synthselier for Demoostrating and Slwlying 
Complex Wave Forma, Journal of Scientific Itielntmettte, vol. 31, Oei. 
1044, pp. 174-177. 

Biuziox, A. W., and Q, E TRaHUin, Harmonic Analyaia by Photogmphie 
Method, Journal of Applied PApsici, vol. 14, 1048, pp. 586-688. 

WaoBU, E L, and C, E. Wonan, An Electrical Froquoncty Analyaer, Bait 
Syetem Taokniced Journal, voL 8, 1034, pp. 300-833. 


NETWORK ANALYZERS 

A third branch of the analogue calculating moobine is tho ncLn'ork 
analyaer. To solve problema, thii^ machine the laws governing n 

network of electrical circuita. For example, on electric power compmiy 
with a system of power lines over hundreds of miles may have a problem 
shoot electrical power: will an accident or a sudden dmnond oouso n 
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breakdoim anywhere in l^e >>'BtemT In the Qeneral Eleotrio Company 
In Schenectady, N. Y., there is a machine oalled the A.C. Network 
Analyser. All the properties of the power company's network of lines 
oan bo fed on a small scale into the analyser. Certain dials are turned 
and certain plugwircs are connected. Then various kinds of "ooeidents’' 
and "sudden demands" are fed into the machine, and the response of 
the system is noted. The answers ^ven by the machine are multiplied 
by the proper scale factor, and in this way the problom of the power 
company is solved. 

There are two kinds of problems that network anolyxerB are built to 
Botvoi the steady-state conditions and the tranaiont oonditlons. For 
example, you may not overload a fuse with an clcctrlo iron when it is 
plugged in and being used, but as you pfull out tho cord, you may blow 
the fuse: the steady state does not overstrain tho system, hub the 
transient does. 

Some articles on network analysers are: 

Emns, W. B,, a Now Simple Calculator of Load Flow in A.C. Networks^ 
3Vanwe<4oiu of ihe Amorioan haUluto of Sleclrical SnffineoTM, voL flS, 
1MB, pp. 788-7D0. 

H a sbw , H, L., and otbon. The MJ,T. Neivorh Anaiyeer, Cambridge, 
Man.; Manachueotts Institute of Technology, Dopartmont of Elootrioal 
Enghieoriiig, Serial No. 60, Apr. 1031. 

Kubhhi, H. P., and R. G. Lorbaihb, A New A.C. Notwoik Anolyior, 
Tntn»aolion» of the American Inetitulo of Bleelrical Snoinoere^ vol. 57, 
1986, pp. 07-78. 

Ponn, W. W., Dtinl A.C. Network Calculator. Bleotrical Bnginaaringj 
May 104fi, pp. 18S-183. 

pAama, W. W., Tho Modem. A.C. Network Cnlciilator, TmnjnctionM of Ike 
Atnorican Inciitute of Sloelrieal Snoineen, vol. 00. Nov. 104.1, pp. 077-QB3. 
pEfSBSON, H. A., An Elootric Circuit Tiutudcnt Analyior, Oonerul JSloetrio 
Review, Bopt. 1080, pp. 804-400. 

VABifirr, R. N,, An All-Elaetrio Inlogrator for Rolving DUVorentiiU Equa¬ 
tions, Review of Soienlifie InMlrumenta, vol. 13, Jan. 1043, pp. 10-10, 

Some of tho articles on applications of network analysers to various 
problems are: 

Kmir, QABaudi, Equivalent Cinmlla of tho Elaatio Field, Joumai of AppUod 
Meehaniea, vol. All, Sopt. 1044, pp. 140-101, 

Kbow, OABBm^, Tonsorial Analysis an<l Bnulvalcmt Circuits of Elastlo 
Btnictuna, Journal of ike RrankHn /tulilufa, vol. 388, Deo. 1044, pp, 
300-443. 

Kbok, Qabsirl, Numerical Solution of Ordinary and Partial DifTcivnUal 
EquationJi by Moans of Equivalent Cinjuits, Joumai of AppUed Pkyiioe, 
vol. 16, 1M6, pp. 173-186. 
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Ku(si( Oabbibi, Eleotrla Qrauit Modali for the Vibretioci Bpoebniu ol 
Polyatomlo Moleeuleai, Jowfud of Chsmieal Physiaot vol* 

Jan. 1H6, pp. 10^1. 

Kboh, Q., lud O. K. Cavib^ A.C. Network Analyeer Study of the 
Babifldingar EquatioDf Phyoieol Beviow, voJ. 67» 1044, pp. 44-^. 

Know, O, and G. K . Cahtbi, Notwo* Annlywr Teato of Bqiuvalent Or- 
oulta of Vibrating Polyatomio Molooulea, Jottrfiol of Chefnwd PAyafn, 
Tol. 14, no. 1, Jon. 1048, pp. S9-84. 

Pnnaoir, H. jL, and C. OoHcoaDw, Analyaen for Ueo in Engmoering mw 
Seientifla Problema, General Sloelrio Aeiww, vol. 48, no. 0, Sept. 1046, 

pp.ao^. 

AUCHtNES FOR SOLVING ALGEBRAIC EQUATIONS 

Another branch of the analogue oaloulatlng machine is a ^ 

nfi^nilnnQ that will solve various kinds of algebraic equutioiiB (see Supple^ 
meat 2). A list of some articles follows. The article by Mallock 
desoriba a tnanhwif i for solving up to 10 linear simultanoous eqiintlcnis 
in 10 unknowns, and the article by Wilbur, a machine for solving up to 0. 

Dmau, Bobkt L, The laogmph^A Meohonical Root-PliKler, Bell 
L(AoTaiarie» Bseord, vol. 10, no. 4, Doc. 1087, pp. 130-134. 

Duirour, W. J., Some Devices for the Solution of liarge Sots of Simul- 
tsneaus LhwF Bquatioiu, London, Sdtnbvrgh, and Dubim Philoaophieal 
Magame and Journal of Bdeneo, Yol. 36, seriee 7, 1944, pp. 80t>^70. 
F^us, 3. SuTBBiwwn, Machines for Solving Alsabralo Equations, Matfur- 
matieal Tabtas and Other Aide la Cotnpulaiion, vol. 1, no. 9, Jnn. 1044, 
pp. SS7-868. 

Har, H. C., and lamr Travis, Meohanioal Solution of Algebraic Eqnatfans, 
Jownol of the FrankUn InetUute, vol. 336, Jnn. 1938, pp. 03-73. 

Hna, D. L, and R. 8. Graham, An Electrical Algebraie Equation Solver, 
JSeufew of Seiontific Inetruments, vol. 0, Got. 1938, pp. 810-3l£. 

M aujooe, i R, M., An Electrical Calculating Machine, i*iiocc«iinp« of Ifco 
Royal Society, aeries A, vol. 140. 1033, pp. 467-483. 

UBRnm, R. 0., The Meohaniam of the laogniph, Bell Labomloriea iZcoonf, 
vol. 16. no. 4. Deo. 1037, pp. 186-140. 

Svmm, Qrook R., Blcotrio RooUfinder, M aUiematidtl TViblda anif Other 
Aide to CampaUition, vol. 3, no. 94, dot. 1048, pp. 8SS-330. 

WiLSDi, J. B., Tha Meohanioal Solution of Simultaneous Equations, Joumal 
of (Ae FrankUn JnMiituU, vol. 333, Deo. 1030, pp. 716-794. 

ANALOGUE MACHINES-MISCELLANEOUS 

Boms articles referring to various other klTwlft of analogue maohinos 
and their applieatians sre here listed toge ther: 
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BvbHj y.t F. D. QAcn, end R. R. Brwabv, A Co&tiBiiona Intocrmph, Jovmed 
of the FrankUn InMliluiB, vol. 303, 1037, pp. 03-^ 

Obat, T. B,, A Photo-Elmlrid Integraph, Joicnud of the PranhluL InalilulOf 
vol. 313, 1081, pp. 77-103. 

Haibbt, H. L,, Q, 8. Bbqwn, and W. R. Hbmman, The Clnoma lutecraph: 
A Maohtno for SvBluatlng a FarBinetrie Froduofc Integral (two parts and 
appendix), Jounud of Iko Franklin Inatitulea vol. 380, July 1040, pp. 10-44, 
and Aug. 1040, pp, 183-S06. 

MoCamm, Q. D., and H. E, CniNra, Meohanioal Probloma Solved Eloo- 
trieolly, WealinghouBO Bugineet, vol. 6, no. 3, Marah 1046, pp. 40-M. 

Mthub, D. M., An luLegraph for the Solution of Difloronlial Equabiooe of 
the Soooiid Order, Journal of ScienUfic Inatrumanta, vol. 16, 1088, pp. 
300-333. 


pMKBRia, C. L., and W. T. Wom, DifToienLiatlon with the Cinoma Inte¬ 
graph, Journal of lha FrankUn Inalilula, vol. 384, July 1043, pp. 17-30. 

Smith, C. E, and B. L. Goth, An Eleotromeohanioal Caleulator for IDiroe- 
tkxnal-Antetma Fottome, Trajtaaeliona of ike American IiuUiute of 
Bleatiieal Bnginecrt, vol. 63, 1048, pp. 78-88. 

YATtrii, R. O., Aooumey Contour Cams, Produel Bnginoering, vol. 10, 
part 3, Aug. 1048, 8 pp, 

Ajcomthoub, Eloolrioa] Qun Director Domorwlmled, Bell Laboralorioa 
Reeord, vol. 23, no. 4, Dou. 1048, pp. 167-107. 

Anokvicoub, Dovclopmont of the Elootrie DiicaLor, Bell Laboratoriea 
Record, vol, 23, no. 0, Jiui. 1044, pp. 326-330. 

Anohyuodb, Old Fielil Fortune Toller: Ifiloolronlo Oil Fool Analyxer, 
Popular Meehaniea, vol. 86, Sept. 1046, p, 164 . 


HARVARD IBM AUTOMATIC SEQUENCE-CONTROLLED CALCULATOR 

Hid basio Boicniifio doseripUon of IhiH uuichhio ub of Soptembor 1, 
1046, is contained in: 

Aixhk, Howabd H., and SrAvr or tub CoMPinrATON LAncmATOBV, A Manual 
of OperalioH for the AHiomalio Requmee CoHlraUed Calculator, Cam¬ 
bridge, Mam.: Harvurd Univeruity Frum, 1040, 601 pp. 

Tbo machine has changed rather a good deal nineo Bept. 1, 1946. 
Some oirouila luivo Ixjcn removed. Other oirciiita have been added. 
Tlw capacity of the nuicliino to do probloinB hna boon greatly inorcnacd. 
The Computation Lnlwnitory at Harvard Univcmily is cordial towarda 
Bciontifio inquiries, and some unpublished, mimeogmphed hifomruition 
ia available at the lalMndory regarding the dotaila of tlioao changes. 

Some shorter ecientifle and tcohnieal dcsoriptiona of tho machine are 
contained in: 
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AsxMHt HOW.ABD flnH Qbaoh M. Hofpeb, The Automatlo Boquenee Cca- 
troHed Caloulator (8 parts), Slacirieol SngmaerinOf vol. M, no*. 8, fl, tmA 
10, Aug. to Nov. 1040, p. . . . (31 pp.)*. 

Blooh, Riohakd Mait I CelouUtor, ProcMtUnffa of a Sirnpufm on 
liaroo~8oala CoZoulaftnff Moahiiuiry, Harvard University Pnog, 

1048, pp. 38^. 

Habbsbdn, Jobsph O, Ja., Hio Froparation of Problems for Uw Hark I 
Caloulator, Prooeeding* of a S]/inpomtm oh LaroeSoala DigiUd Uete- 
loJ^ ilfaoAuierv, Harvard University Fretf, 1948, pp. 308-310. 
iHTEaicAnoKAL BuBunss MicniNia Cosporatiom, IBM Aulomalie Aafuejiea 
CofUraUed Colcvlaior, HndicoU, N. Y.: Intematioinal Busineea Mnoliises 
Corporation, 1040, 6 pp. 

Some of the less tenhuiwa] articles regarding the maohine are! 

Qam, N., Oot a Problem? Harvard’s Amoains Nenv Mathematlosl Boboi, 
BchoIaiBa, vol. 40, Sept. 18. 1044, p. 80. 

Tobbst, V, Robot Mathematician Knows All the Answers, Poptiior Boicnco, 

voL 140, Oet. 1044, pp. 80-nSO . . . 

Amnmcoos, Ciant New Calculator, Botenos Notpa Lotler, vol. 46, Aug. IS, 
1044, p. 111. 

AwoimiDus, Mathematical Robot Presented to Harvard, Timot vol. 44, 
Aug. 14, 1044, p. 73. 

ArroNTuous, World’s Qreatest Machine for Automatio Calculation, Beioiice 
Neva Leiter, vol. 40, Aug, 10, 1044, p. ISS. 

Akoxtuoos, Supeibrain, Naiioida RuRnoM, vol. 83, Sept. 1044, p. 8. 
Axotmions, Robot Woiks Problems Never Before Solved, Popular itfe- 
cAentdt, vol. 83, Oot. 1044, p, IS. 

ENIAC, THE aECTRONIC NUMERIC INTEGRATOR AND CALCULATOR 

^ten Is as yet no full-scale, publiahed ecientiBo aocouiit of tho 
Eniao. At the Bollutia Research Laboratories:, Aberdeen, Md., whero 
the mnehipe now is, there are a few copies of some long mimoogmphrd 
reports on the machine and the way it works. These were projinrvil 
by H. H. Ooldsthie and others when at the Moore School of EHoelricnl 
^nghieering, as a part of the oontraot under which the coaohino wan 
oonstruoted for tbs U. S. Oovemment. It is possible that these leporlH 
mii^ be consulted on request by serious students. 

S om e srientifie descriptions of the manbinB and ita properties aro: 

Btnu, AsnniB W., Bleetronio Computing Ciroults of the EINXAC, 7*ro- 
Cflwriiipt of the Institute of Radio BngmeerSt vol. 30, no. 8, Aug. 1047, 
pp. 706-707. 

OAmHosi, R.T^A lof/ieal Coding Byslem AppBod to iks Bniao^ B. H. h. 

Report No. 878, Aberdeen, Md.: Ballistic Research Ijabomtories, Sopt. 20, 
1048, 41 pp. 
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jgouKr, J. FunpBB, jR.. Joun W. Mauchly, Hnuur H. Qoiieini^ ad 
J, Q. Bbatwkbd, Dowsriplion of tho ENIAO rad Commrate on Eteotraiio 
I^tnl Computing Macliinoa, Applied Matbematioi Panel Report 171^ 
WBehingUm, D. C.; National Uufonae Roaeanh Committee, Nov. IMS, 

78 pp. 

QoLwniNK, Hkbmaw H.. and Aohlr Qoldstihi, The Eleotnolo Nomeriaal 
Intogmlor and Computer (ENIAC), Mathamalwd Tobtae and OUut 
A idM lo Compidaticw, vol. 3, no. Ifi, July 1046, pp. 07-110. 

HAHnuos, D. 11., Tlio ENIAC. an Elootronb Computing Maehine, Natvn, 
vol 158, Ool. 12, 1046, pp. 800-600. 

HAvnnai, D. 11., Caletilaling Machhwt: Roeenl and PnupMttiM Dm«Io]> 
mrHlM ami Tlunr impact on Mathemaliml Phytica, OamMdgp, Bnglud: 
Tho Univoraity Ptcm, IM7, 40 pp. (I’mgn 14 to 37 are devoted to the 

Bniao.) 

Taioii, Idcwifl P., Brief Dnaoriptlon and Operating CharaotarlaUes of the 
ENIAC, Pr»ccfiiiiitt» of a Sympodum on LargB-8cala Digital Calealeting 
Maehinttryt HarvanI Univoraity Pmee, 1048, pp. 81-30. 

Some of tho Iobs tochnionl nrlialos on Enloo are: 

Robm, a., Liglitning Sirikra Mathomatioi: ENIAC, Popular Soianea, voL 
148, Apr. 1040. pp. 83-86. 

Anonymouh, RolM»t CnlpuUiIor: ENIAC, All Eloetronio Dovioe, Rianu» 
lKrf*Jfc, EiJi. 10. UMO, p. 80 . . . 

Amontmiuw, AmflATTM by ENV: Rlf*rt.ronlo Numerical Integrater and 
Coinpiiler, KN1A(*, Nru'ntmrk. vol. 37. Fnh, 18, 1040, p. 76. 

Anonymoiw, Adilrt in l/BOUO Hneond: Eloetronio Computing Maehine at 
tlm IIniv(»rHily of l*i*inu*ylviinin. »Sn>aoo Netet Letter, vol. 49, Fob, 38, 

1040, p. 113 .. . 

AwoNVMfHifl, ICNIAC: at llw Unlvenrity of PonniQrlrania, Tima, voL 47, 

Frb. 28, IIMO. p. 90. . 

Akonymoiim. II 'riuukH wilh Kli-rlroiui; Uw ENIAC, Popular Meekamm,- 

vol. 85, Juno IWO, p. 130. . i 

Anonymohh, Eliftnmio CWtailaliir: ENIAC, Scientific Amcrtean, voL 174, 

Jiinit 10>10, p. 348. 

BELL LABORATORIES RELAY COMPUTHIS 

Ad ypt no full-wiilo Bcirnlifiu n'port Is nvnilnble on the Beil 
toriw griionil-iuiriKiHo relay wimpulora that wont to Aberdra aM 
Lnngivy Fit-Id. Iltiwovor, them in Homo information about tM am 
other IWl Jailwndtirit-H n-lny wnniuiling maohiiwa in the foUawing 

a rticltM: 

Am, Kii*n« I., A Hell ToU-pliano I.alwml.iriii,' Com^tin* J*"**”^*-? 
PMU). Ualh.vu,Uatl TaWw nod OUm Aid, to Cyiprta^ •ni. Z, 
no. 31, Jon. 1948, pp. 1-13, and vol. 8, no. 33, Apr. 1948, pp. W-». 
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Omaho, 0., The BeUy Intorpolator, Beil Lt^tortUorie* Recordt toL 84j 
no. 13, 1940, pp. 407-460. 

JjjiMT, JoAVH, Hie BaUietio Computer, Beil Laboratotw Meeordt voL 90, 
no. 1, Jen. 1047, pp. 6-9. 

WnuAua, SAWncL fi., A Belay Computer for Gkmeral Applioafion, BtH 
lioAonitonet Beeonf, vol. 36, no. 3, Fob, 1947, pp. 49-64. 

WiLUAm, &UC 17 KL B., Bell Telephone ladionitorieB* Relay Compnlins 
Byetem, Proc e e rfw t g i of a Sj/mpoMtum on LarffoSeaio Digital Catculatimg 
OfaeAuunVf Hamid Univenity Ptqbb, 1948, pp. 40—08. 

Avoimious, Complex Compuhff Bamonatnted, Bril JjoboraionM Record, 
Yol. 10, no. 3, OoL 1940, pp. v-vi. 

AiroimcoiiB, Computer Mark tB Mod. 0: Development and Deecriptionf 
Nevoid Report No. 178-46, Waahington, D. O. r Navy Departinmit, 
Dee. 6, 1946, 336 pp. 

AifoimcoTra, Belay Computer for the Army, Bell Ddbonioriaa Record, 
toL 30, no. 6, May 1948, pp. 308-300. 


THE KAUN-BURKHART LOGICAL-TRUTH CALCULATOR 

As yet than are no pubUahed referenoes on the Kalln-Burkhnrt 
Logioal-Tmth Calculator. 

Some books covering a good deal of mathematical logic ore: 

Qum^ W. V,, Mathematical Logict New York: W. W. Norton Co., 1040, 
848 pp. 

BaiaaBHBAOH, Haws, Slementa of BgmhoUo Logie, New York: Tbo Mac¬ 
millan Co., 1947, 444 pp. 

Tabski, Amo, /n/rodiie(toA to Logie, New York: Oxford Univorally 
Freei, 1941, 389 pp. 

WooDOB, J. H., The Axtomatie Method m Biologg, Cambridge, England: 
The Univenity Freo; 1987, 174 pp. 

Chapter 3, pp. 18-63, la an excellent and underatandablo eumiiiary of 
the concepts of mathematical logic. 

Several iwpers on the ap[dication of mathematioal logic to tho analyms 
of pnctical aituationB are: 

Banur, Ebinuni C., Boolean Algebra (The Technique for Manipulating 
“ And ,* “Or,” “Not,” and Conditiona) and Applioationa to Ihauniiiro, 

Record of the American Inetituie of Aottutriee, vol. 28, Oct. 1087, pp. 
878-414. 

Bbulet, EDXftnn) Conditiona Affeeting the Application of Symbolio 
Logie, Jouraoi of SgmboUe Logic, vol. 7, no. 4, Dm. 1943, pp. 160-10B. 
SHAimoar, Cladiiu B., A fismibolio Analysia of Relay and Switching Cir¬ 
cuits, TranmetionM of the American Inetituie of Sleoltical Rnginoere, 
voL 67, 1988, pp. 718-738. 

This paper baa had a good deal of mfluenoe hero there on llio 
development of electric oimilta using relays. 
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The foOowing report diBoiusos the solution of some probloms of nuitbo* 
matioai logic by means of a large-scale digital oalovilator: 

Tasski, AunSi A Deewon Method for SlemetUary Algebra and OaometTjf, 
Report R-lOO, California; Rand Corporation, Aug. 1, 1048, QO pp. 


OTHER DIGITAL MACHINES FINISHED OR UNDER DEVELOPMB^IT 


The Aiken Mark II Relay Calculator 

Tbo Computation Laboratory of Harvard University flnisliGd during 
1047 a second large relay onloulatorj called tho Aiken Mark II Holay 
Calculator. This machine is alluded to briefly at tho ond of Chapter 10 
and is deeoribed more fully in the following: 

CamfbbJii Rosnr V. D., Mark 11 Coloulalor, Proocedingt of a Sympotium 
on LargaSoaU Digital Caloulaling MaddneTy, Cntnbrklge, Mau.: Har- 
Tard Univcfslty Frees, 1048, pp. 00-70. 

FmLAws, SrsPHSN L., Inside tho Biggest Man-Mado Bntla, Pojrafar 
jSkrfenee, May 1047, pp. Bfi-100. 

Milub, Fidoiiok Q., Application of Printing Tolcgmph Equipnumt to 
LargOrSoak) Calculating Mnehincry, Proeeediiiga of a Sympoaium on 
L€iTgO’^oale Digital Calculating Machinory, Combrulge, Mobb.: Hm^'artl 
Univentty Preen. 1048, pp. 313-333, 


Th* Edtac 

The Edsao is a inacbino under oonstniotion in England. 

Wiuus, M, V,, 1^10 D(*sign of a Praolloal Hlfdv-Rpood Computing Macliinn: 
tho EDSAC, Procvtuluigs of the Jtoyal Sodaly, nonce A, vol. lOJV, 1048, 
pp. 374-370. 

Wilkes, M. V., and W. Rknwiok, An Ultrasonic Memory Unit for the 
EDSAC, Bloctronie RHginaering, vol. 30, no. 34S, July 1048, pp. 208-313, 


The Edvac 



Tho Edvno is a mnehinn under conslniotion at the Monro School of 
.eotrkal Enginooring, Philadelphia. 


Eoone, Florexck, and Samukl Lvbkin, Convcudon of Numhf^rs from 
Dooimsl to Binary Form in tho EDVAC, AfalhoTnatical Tablec ant/ 
Other Aide to CornTmtalion, vol. 3, no. 30, Apr. 1040, pp. 427-431. 
AKOimfomi, EDVAC Rrpinoes ENIAC, The Pemutylvaniu Ouarttv, Phils- 
detphia: University of Poniuylvnnia, vol. 40, no. 8, Apr. 1047, pp. 0-10. 


The IBM Selective Sequence Electronic Calculotor 

Tho IBM Selective Soquenco Electronic Cnlculntor waa finishcHl and 
armouncod in January 1048, and is alliMlcd to briefly at Iho ond of 
Chapter 10. More mformAtion about this mnehino is in Iho follovring 
referonces: 
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Sonarr. W. J., Eleetrooi oikd Computatloii> The SdetUific MontM^, vol. Ofi 
U). 6| Not. 1048, pp. S1A-8S8. 

lirmMAnoarAL BtmurMS Maohutw Corporation, IBM Beleolive SsijKonat 
Sloclrotnc CaUxaiaior, New York: International BusineeR Maohlnee Cor¬ 
poration (fcmn no. S3-8037-0), 1048, 16 pp. 

Tlia Roylhaon Compulor 

Tbe Haytheoa Computer is a maobine under oonstruotion at tbo 
Baytheon Manufacturing Co., Waltham, Mass. 

Biooh, E, Mi, R. y. D. CAacFBRUt, and M. Blub, The Logioal Dcriffn of 
the Raytheon. Computer, Maiheimiiioal Tahlw and Olher Aid» to Com- 

palalionj vol. 8, no. 94, Oct 1048, pp. 386-306. 

Bloch, R. M., R. V. O. Caupbeu,, and M. Eijjw, General Xknlca Con- 
■deratiana for the Raytheon Computer, Malhematical Tablet and Other 
Aid* io Compvitaiion, vol. 8, no. 94, Oot 1048, pp. 817-838. 

A "System of Qactric Romote-Control Accounting" 

During tbe lOSCs a system i mi Tig oonneoted punoh-oard maobinery 
was experimented with in a deportment store in Fittd)!!!^. The pur¬ 
pose of the system was automatio accounting and analysis of sales. Tills 
qrstem is described in: 

Wo cB B iUf T, L. A System of Eleotrio Remote-Control AocountlnB, 
Tnmaaettdna o/ the Ameriean InetUtUe of Bleotrieal SngineerBi toI. 87, 
Peb. 1088, pp. 78^. 

Tha Univoc 

The Unirao is a maobine under oonstruotion at the Eokert-Mauchly 
Computer Corporation, Fhiladriphia. A similar but smaller digital 
computer called tbe Binao is also being developed. 

EoURB^MAncBLT CoicFDTm Corporation, The Uvivac System, Philodol- 
phia: Edeert-Bifauehiy Computer Corp., 1048, 8 pp. 

Eueonoorio OoNmui Oo. (now Bcxrt^Mauohlt CoMPunB Com’.), A 
Tetdalwe Imtraetion Code for a StalieUoal SdvaCf Philadelphln; 
traok Control Co. (now Eokart-Mauchly Computer Corp.), May 7, 1947, 
10 ». 

SNTm, FBANcn E., and Hurkt M. Litinobton, Coding of a Lnplaco 
Boundaiy Yahie Problem for the UN iVAC, MaUtBmalieal Tabie* and 
Other Aid* io Compuialiont toI. 8, no. 30, Jon. lOtt, pp. 841-300. 

Th« Zwa Computer 

The Zuae Computer is a wnan digital computer oonstruotod In 
Qermany. 

Ltnron, Room C., Hie Zuae Computer, Afathemotteaf !ra2>208 and Other 
Aid* to CotnjnUaUoMt toL S, no. 30. Oot. 1047, pp. 860-360. 
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THE DESIGN OF DIGITAL MACHINES 

Following ara a number of rcforonoes on vnrloiu asixwtn of the dosigii 

of digital computing muchinoa: 

Organlxotlon 

Borkb, Aarnua W., Buprr-Elootronio CompuLinc Mnnliino, Klwlronio 7n- 
dtulricM, vnl. 5, no. 7, July 1046| p. 03. 

Bdrkb, Abtjidh TY.i Hksman H. Goijihtimr nnd John vom NmiuAifif, 
/*reltouanrv lyiaeuMtdon of Ike Logical Detign. of on Ktaelronia Computing 
InMtntmmt, Prinoolun, N. J.: IniMituto for Advanood Study, Snd odidon, 
Bopt. 1047, 43 pp. 

BoKiRf, J. Pbbspib, Jh., John W. Mauchlt, nnd J. H. WKicrn, An Octnl 
System AulomnLio Computer, Klcelrieal Kngineeririff, vol. 08, no. 4, 
Apr, 1040, p. S3S. 

Foannm, Jay W.j Wabbkn S. Loud, Bobwt H. Bvaitan, aud David E. 
BaowR, Lecturrn hv Profecl Whirlwind Staff on Jileelroitie Digital Con^ 
jHiialiMj Camhridf(Q> Man.: MaaBnohtiaotta Instltuto of Toobnology, 
Sarvomoohnnlanw Ijnbomlory, Mnr. and Apr. 1047, 140 pp. 

Lobiun, Saituki,, Decimal Point Txwatlon in Computing Machlnee^ ifalha- 
moliml Tables and Of Acr Aide to Comp^Ualion, vol. S, no. 31, Jan. 104S# 
pp. 44-60. 

Patiirbon, Omaoit W., odilor, nud otliom, Theorif and TeoAnwruM for 
Dedgn of gteelronio DiffUtU Computen (subUtle: Leetitrea Given- at the 
hfoore Srhooi 8 July 1040—31 Augrul 1040), Philadolphla: The Univor^ 
aity of PnnnayivHnin, Mooro School of Elootrlcnl Enginoerlng, vol. 1, 
leetures 1-10, Sopl. 10, 1047, 101 pp.: vol. 3. leoturcB 11-41, Nov. 1, 1047, 
173 pp.; vol. 8 an<l 4 in pmpnmtlcin. 

Snam, Qkwqk R,, Belay Computenf Applied MnlliematloB Panel Hopoi't 
171.1B, WaBhioKlon, D. C.: National Dofenso Ilaacanh Counoil, F4b. 
1046, 83 pp. 

Snam, Qioeaa B., Should Aulomntio Computen Iw T^oigo or Small? 
Malhomatical Tnblca and Ollutr Aide to Compuiafton, vol. 3, no. 30, 
Oct. 1047, pp. 303-304. 

8*ram, Quboi R., The OrgAnlsRlion of Largo*So*la Oaioulaling Mnchinaiy, 
f*roo8od(n0« of a Si/mpomum on LargihScaie DigUiU Calculating Machine 
ery, Cambridge, Mum.; Harvard Univoiaity Prem, 1048, pp. 01—100. 

SriBm, QitoaoH R., A Now Clam of Computing Aida, if athomalical Tablet 
and Other Aide to Computation, vol. 3, no. 38, July 1B4S, pp. 317-831, 

Input and Output Davlcet 

AuizAifDigi, 8 am URL N., Input and Output Doviina for Elootronio Digital 
Ca k ula t ing Machinoiy, Prooeedingt of a SympotUan on IxtrgoSe^e 
Digital Calmdating Machinery, Carabridse, Mam.: Harvard Unlvetaity 
FreoB, 1048, pp. 348-363. 
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Finxai, HuBUOir W., ^Elw KumeroBoope, Proceeding* of a Si/mpodum o» 
Larg&^eele Digital Calevlal^ MaiAinerj/f Gambridfi^, Maas.: Hairrard 
Univenity Fnas, 1048, pp. 2S8-347. 

IL Dt Fhotogmphlo Methods for Handling Input and Output 
Bata, Proceeding* of a Sj/mpoeiwm on LargeSeale Digital Caienlatiiig 
Maokmery, CambridgB, Maas.: Harvard Univoralty Freaa» 1948, pjs 
300-880. 

Trua, AnHuB W., Optical and Photographic Storago Teohniquoa, Proceed’ 
ing* of a Sytnpoaiton on LargO’Seale Digital Caleulaling JHoflWiwnf* 
Cambridge, Maos.: Harvard Univoraity Press, 1048, pp. 140-180. 

ZwoBTKEN, y. K., L. S. Pumr, and W. 8. Pm, Letter-H e a d i n g Maohini^ 
Sleotronio*f vol. 33, no. 8, Jtma 1040, pp. 80-80. 

Anokthoob, Letter-Printing Cathode-Hoy Tube, Hlsctromes, vol. 83, no. 0, 
June 1040, pp. 100-103. 


Storaga Devfcas 

BamnuiK, Lboic BlectromagDetie Delay Lines, Proceeding* of a Sgwi- 
pomtm on LargeSeale Digital Cdoulating Maehinary, Cambridge, Maas.: 
Harvard University Press, 1048, pp. 110-134. 

Fouuiu, Jat W., High-Speed Biectroatatio Storage, Proceedinoe of a 
Sgmpoeinn on LargeSeale Digital Calculating jHacAtnerv, Cambridge, 
Maas.: Han'ard University Frees, 1048, pp. 180-130. 

Haeiv, kxmrvr V., The Memory Tube and its Application to Unoetrtmle 
Computation, MoMenuifical Table* and Other Aid* to Compntaiiont 
vol. 8, no. 34, Oct. 1048, pp. 381-380. 

Komm, Ottd, Survey of Magnetic Heoording, Proeeedinge of a Sgmprjeiwn 
on Large Secde Digital Calculating ifee/ttnsri/, Cambridge, Mna&; Hnr^ 
vard Univeraity Press, 1048, pp. 338-337. 

Mooss, Benjauin L, Magnetic and Phosphor Coaled Discs, Procfse^ige 
of a Sympotitan on LargeSeale DigUal Caleulaling Machinery, Cnnn- 
bridge, Masa: Harvard Univeraity Press, 1048, pp. 180-183. 

Hajcbuax, Jait a., The Selectron—A Tube for Selective BUoclroslatle 
Storage, Mathemaliedl Tablee and Other Aide to Comptitalton, vol. 3, 
no. 30, Oct. 1047, pp, 800-881 and frontiaplece. 

SHAXPLBsa, T. Km, Mercury Delay Lines as a Memory Unit, Proeeedinge 
of a Synpoeiitm on L€trgeScale Digital Caleulaling Machinery, Cam¬ 


bridge, Mass.: Harvard Univeraity Press, 1048, pp. 108-100. 

Shxppabd, C. BoAPPoaD, Transfer Betwera External and Intema.1 Menp 
Proceeding* of a Syntponum on LargeSeale Digital Caleulaling Mnei 
ery, Cambrid^, Man.: Harvard University Freos, 1048, pp. 307-37B 


Programming or Coding 

Emm, Bobxbt R., Digital Computing Machine Logie (memorandum 
M-03), Cambridge, Mam.: MoaHohusetta Institute of Technology, Sorvo- 
mechanlsma Laboratory. Mar. 10, 1047, 48 pp. 
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Qt&iNRDai, HnMAM H., and John tom Neciumh, Plawnbig and Coding 
of ProblotM Jot an Sleelrtmio Compuiirtg hulntmenlj Prinoeton* N. J.; 
Ixutituto for Advanced Sludy, 1047| 00 pp. 

OouanNK, Hbucam H., and John tom Nkukamm, Planninff and Coding of 
Problenu Jar an Sleolrtmio Computing Jnsirnnani, Prlnoetoa, N. J.: 
Inotituto for Advnnood Sludy, ihiK 3, vol. 8, 1048, 33 pp. 

Maitcblt, John W., Prapamlion of Probloma lor Sdvao-Type Moohlnoa, 
ProeerdmgB of a Sympotiitm on Itarge-Heale Digital Calctdaling ii ooMn* 
er|f, Cambridge, Maaa.: Harvard Univeraity ProoB, 1048, pp. 303*4)07. 


DIGITAL MACHINES-MISCELLANEOUS 

Many of tho following articles aro noatoehnical and oontaia much 

interesting infomuilton about luuchines that think: 

■ 

Aur^ Fbami L., New Higli^pood Computing DevicfM, Tho Amorican SttH 
iiolioianj vol. 1, no. 1, Aug, 1047, pp. 14-lS. 

Bdsh, Vannrvar, Aa We May Think, Altantie Monthly, July 1045, pp. 
101-106. 

OoMDON, £dwar& U>, Tho Bloeirame Brain MooTti a Ooltor Fuittto for You 
(broadouBt), Columbia Broadcnating Byatom, Jan. 4, 1048. 

Davis, Haruy M., Malbonmlioal Moohinos, Seientifie Ameriemij vol. 180, 
no. 4, Apr. 1040, pp. 20-30. 

Laosuakn, John K., It All Adds Up, C'oiftar'a Magtanne, May 81, 1047, 
pp. 23-S3 . . . 

IxiOKit, E. L., M(»lom C^iloiilaturH, AoloundiHg Soiance Fiction, vol. 53, no. 5, 
Jan. 1040, pp. 87-100. 

MAcLAuniiLAN, Lobnk, Eloctrical Maihcmatioians, AjUounding Satmeo 
Fiction, vol. 53, no. 3. May 1040, pp. 08-106. 

Mann, Maitin, Want to Huy a Dniiut Popular SdencOj vol. 154, no. 5, 
May 1040, pp. 148 p-LS3. 

Nbwuan, Jamics U., CuHlom-Built Qoniua, New HepubHo, June 23, 1047, 
pp. 14-18. 

Frnmi, John E., Tho Mnchino That Plays Qln Hiimmy, Soienom litm- 
trated, vol. 4, no. 8, Mar. 1040, pp. 46-48 , . . 

RiDBHinnt, Tjouib N., Mochanical Brainn, Fortune, vol. 80, no. 5, May 
1040, pp. 108-118. 

Tukbubon, Eodkrt C., Calculating Machines, Federal Scienae Progrem, 
Juno 1047, pp. 8-7. 

Amonyuous, Almost Human, Homo Office N&toc, Newnrk, N. J.: Prudential 
Insuranon Company of Amorica, Fob. 1047, p. 8. 


APPLICATIONS OF DIGITAL MACHINES 

Some of tho problrms that mechanical brains can solve, some of the 
methods for controlling thorn to solve problemB, and some of the impU- 
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oations of meohanioal biains for future problems are oovered in tfao 
following referenoes; 

Solving Problanu 

BwTPJg, Eduunp Cl BSeotronio Maohmeiy iox Handling Informatknij 
and its Uses in Jhnmnoe, TrantaotioitM of ihs Actuarial Soeietv of 
AmarioOf toI. 48, Mij 1047, pp. 85-53. 

Bnuuur, ESoKuin) C,, Bleotronio Seq.uenoe Controlled Caloulatfng Maohln- 
eiy and AppUoetions in Insuranoe, Proeeadlnffa of 1047 Annual Confor- 
aneo, lAfo Offioe Afanagenunt Aaiioeialiont New York: Life Offloe Mon- 
Hgnmenb Aasociatloa, 1947, pp. 115-139. 

Onnnr, Hasxbji B., and Wiua A. Wtatt, A Study of Invana Inierpofaiion 
of tks XmaOj B. R. L. Report No. 615, Aberdeen, Md.: Bolliatie Bmoarob 
l4d>oratories, Aug. 10, 1GM5, 100 pp. 

HAKBOoir, JoBVH O., Ji., and Hsuor Maunk, Fieoewiae Folynomial Ap¬ 
proximation for lauge-Soale Hlgital CalotilAtors, Maihoinafioal TablOB 
and Other Aide to CompuiatioHi rol, 3, no. 36, Apr. 1949, pp. 400-407. 
HosruDf, Domr, A Comparison of Various Computing MaohhieB TTswl in 
Reduotimi of Doppler Observations, hfaihematieal Tablaa and Other 
Aide to Computatiw, vol. S, no. 35, Jan. 1040, pp. 873-377. 

Lnoimir, Wasbilt W., Computational Problems Arising in Connootkm 
with Beoaomio Analysis of Intarindustrial Relationships, Prooesdiftfs 
of a jSirmpoihtm on LargeSecde Digital Caloulaling MaekiMryj Cam¬ 
bridge, Mass.: Harvard Univmslty Fren, 1048, pp. 160-175, 

LorxiK, Max, Invertion on the Sniae Ueing Oeoulaiory Inierpolalion, 
B. H, L. Report No. 683, Aberdeen, Md.: Ballistio Beeearoh Laboratorioa, 
July 15, 1047, 43 pp. 

Lowax, Abkold N., The Computation Laboratory of the National Bumui 
of Standards, Scripta MalhematieOf vol. 15, no. 1, Mar. 1040, pp. 33-OS. 
Mats, Adolph, Electronies in Aecounting, Aooounling Hevieto, vol. 31, no. 
4. Oet. 1046, pp. 371-870. 

McFHBSOor, Jakes L., Applieatiaiia of Higfa.49peed Computing Itfaohnies 
to Statistical Work, Mathematieal Tables and Other Aids to ComptUa” 
tioHt voL 8, no. 33, Apr. 1048, pp. 121-136. 

MncBKLL, HmeiMT F., Ja., Inverrim of a Matrix of Order 88, Maihematioai 
Tables and Other Aids to Compuiationf vol. 8, no. 38, July 1048, pp. 
161-166. 

Amdxtkous, Revolutionising the Office, Businssa fKseJb, May 38, 1040, 
no. lOSO, pp, 65-73. 

Spasch 

Some of the possibilities of machines dealing with voice and Rpeeoh 
ore indicated in: 

B 

Dudlet, Hoke s, R. R, Rndk, and 8. 8. A. Watkikb, A Bynthetio Bpenknr, 
Jownwf of tks Franklin InstiluU, vol. 227, June 1080, pp. 780-764. 
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This is an artiole on tho Vodott which ia an abbreviation of Foioe 
Operation Demonstrator, The machine was exhibited at the New York 
WorldlB Fair, 1030. 

DtniLBT, Hnwi, The Vooodor, Pefl Labondorin Reoordt vol. 18, no. 4, 
Dws. 1088, pp. 123-lSO. 

Uda is a more general tsrpo of machine than the Voder. The Voooder 
is both an analyser and synthesiser of human epeeeh. 

Form, ILu#h K., Gsobob A. Kopp, and HAmmer C. Qaxsir, Ytt&le Speeeht 
New York: D. Van Nostrand Co., 1047, 441 pp. 

AwoMmouB, Pedro the Voder: A Machine that Talks, Bell Laborattniu 
Reeord, vol. 17, no. fl, Feb. 1030, pp. 170-171. 

Weather 

Some of the posibilitioB of maohinee dealing with weather Information 
are covered in: 

liAOHUANN, JoiiN K., Making Weather to Order, Nev York Herald Tribunes 
Tkia Week, Fob. 28, 1047. 

SitAUR, SnufST, Eloctronics to Aid Weather Figuring, The Hew Yorb 
Timee, Jan. 11, 1040. 

ZwoRTicrK, V. K., OuUine of Weather Propoeal, Princeton, N. J.; Radio 
CorponiLion of Amrricn Rasnaroh Lalmratorios, Oct. 1040, 11 pp, 
Amokticodb, Woather Under Control, Forltme, Feb. 1048, pp. 100-111 . . • 

The Robot Machine 

&APJBC, Kabsl, R. U. R. (translated from the Csech by Paul Selver), New 
York: Doubicduy, Pnim A: Co., 1083. 

Laobmann, John K., From Piggly Wiggly to Eeodooslo, CoiUer^e ifaga- 
eino, vol. 123, no. 18, Oct. 80, IMS, pp. 30-31 . . . 

Lxaveb, E. W., and J. J. Drown, Machmes Without Men, Forlitne, vol. 84, 

e 

no. 6, Nov. IMO, pp. 105 . . . 

PuAsa, M. C., Dnvitnis M'oapon, Aalounding Scienee Fiction, vol. 08, no. 2, 
Apr. 1040, pp. 84r^, 

Shannon, Ci.AUDa E,, Profframmiag a Computer for Piaping CAmb, Bell 
Tolophnno Lalinml nries, Oct. 8, 1048, 34 pp. 

Srhujct, Mabt W., Fmnkimmlem (In. Evetyman^ Library, No. 010), Now 
York: E, P. Dutton & Cki., last reprinted 1040, 243 pp. 

GhuLinAUB, Atiikustan, IxtL IloliDt Work for You, The Atneriem Magaeine, 
Doc. IMS, p. 47 . . . 

Anontmour, Annthrr Now Product for Robot Salesmen, Modem Induelry, 
vol. 13, no. 3, Foil. 10, 1M7. 

Anonymous, Tho Autcimalic Factory, Fortune, vol. 84, no. 6, Nov, 1040, 

p. 100 . . . 

Anonymous, Mncltinni Predict What Happonn in Your Plant, Buehuee 
Week, Sept. 30, 1048, pp. 08-60 . . . 
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Babbage, Cherlee, 80 
Boehne, Q. Walter, 333 

Bailey, C. 387 

Baroroft, Joseph, 330 
Beaoh, Frank A,, 330 
Beard, E. E., 88, 340 
Berkeley, Edmund C., 388, 348, 364 
Berry, R, J. A., 330 
Berry, T, M., 340 
Bloeh, Richard M., 346. 360 
Bloomfield, Leonard, 331 
Bodmer, ^^edorick, 331 
BocUer, L. M. K., 340 
Boole, Qeorge, 163 
Boring, Edwin Q., 230 
Bower, E. C., 887 
Bminord, J. Q., 347 
Brillouin, Tjoon N., 263 
Brown, David R., 281 
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Far examplBf “eleolroalalio etorage £u6a'* tt undor o, and *'puHch eanl" u 
under p. 


A fleld, gg 

A tnpo, 83-8 
•bums, 17-8, 188. 330 
ttbea (Ofoek), 18 
nboohite value, 101, S33 
aooumulalor, 115-0 
necumulator docado, 118 
aeeumey, 67, 80 
aeetyleboline, 8 
add output, 130 
addoud, 228 
addor, 77 

adder meehaaiam, 77-8 
adding, 24rd. 37. 37. 65,100, 110, 130 
addition oinniit, 37 
Aiken Mark. I Calculator, 10, SO¬ 
US, 346-0; «ee aUo Harvard IHM 
Automatic Sequonoo-ControUed 
Cniciilalor 

Aiken Mark IT Relay Calculator, 
178-8, 340 

Aiken Mark HI Ekicironlo Ciilmi- 
lator, 177 

air rcmatanco coofficLont, 80-3 
slgohra of logic, 20, 30, 66-02, 106, 
140, 151-3, 164, 321-8, 348 
algebraic cquatioiu, nuiohinoe for 
solving, 344 
all-or-ncme response, 3 
alphabet, 14 

alphabetic coding, 18, 64 
alphalwtic punching, 40 
niphnfaotio writing, 13 
amplify, 73 
nnalogouB, 06 


analogue, 06 

analogue tnarhinoa (maohtius that 
handle informalicHi ozproMod as 
mcaaummnnlB), 06; MIT Hifler- 
ontial Annlyaor No. 3, 05-88; rof- 
orencee, 330-46 
analylioal engine, DO 
I anatyior, 08, 341-4; aes edto dlffor- 
chlial analyser 
and, 146-8 
and/or, 140 
angle in^licator, 74r-6 
animal thinking, 4, 8, 188 
onnuilloB, 88 
nnlcoodont, 168 
I antilogorlUim, 130, 330 
I antilangcnt, 130, 230 
approaimalinn, 330; mm oImm mpiil 
approxlmnlion 
apliludo Icfllingi 100 
argument (in a raalhemalioal table 
or function), 00, 108-4, 133, 136, 
334 

arithmetical opemtioiui, 66-0,173 
armor with a motor, 180, 106 
array, 173, 327 

Atomic Energy Commtnlon, 308, 
308 

altitudes, 305 
augend, 338 
AtU (Latin), 140 
automatic addreos book, 181 
automatic carriage, 63 
“Automatic Computing Machlneiy” 
(aeotion In Bialhematioal Tahlee 
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and Other Ai^ to Computation), 

m 

autonuttio control: houae-foniAoe, 
180; lawn-mcrwer, 188; traotor> 
plow, 188; wenther, 180 
Mitomatio oook, 181 
ontoniAtia factoy, 180 i 

automatlo library, 0, 181 
antomatio macbinmy, 183 
automatic pilot, 180 
antomatio nioogiilsar, 180-7 
automatio rnguonno ■controlled oal> 
eulatcv, 00; ace alto Etanrard 
IBM Antomatio SequencfrOon- 
trolled Caloulatar 
antomatio rtenographer, 185 
airtomatio nvitohing oircuitB, 348 
automatio tranalator, 183 
automatio typist, 18^ 184 
axon, 8 

B field, 00 
S tape, 83-8 

BaUMio Beeearah Laboratoriea; 1, 
lUMl, 137-8, 183, 143 
base e, 330 
baao 10, 330 
beam of eleotrons, 173 
behavior, 4, 7-8, SO 
Ball Telephooe Laboratoiiee, 4-6, 
128-48, 347-4 

Bell Telephone Laboratories’ gen- 
eraLpurpose relay oomputer, 138- 
48, 847-8; ooet, 143; reliability, 
141; speed, 148 
Bevel fimetimu. 111, 338 

WnaA, 170 

binary ooding, 11, 18 
binary digit, 14 
binary nuraben^ 14, 310-8 
blopbyaica, 380 

biquinary numbers, 188, 310-30 
bloeks of argumeata, 187 
Boolean algebra, 163, 348; see aito 
mathematloal logio 
both, 140 

bowvrow theory, 13 


brain evolution, 280 
brain with a motor, 160, 106 
BTL Xrameab 138-0 
bus, 83, 119 
button, 01, M 

C field, 00 
C tape, 83-8 
oaloii (Latin), 18 
calculating punch, 47, 61-4, 386 
oaloulator frames, 188 
oaloulator programmed by punah 
oards, SS6 
cam, 04-6 

cam oontaot, 91, 04-6 
capadtanoe, 117 
aapadtor, 117 

capacity: counter, 60; aelootlng:, 60 

carbon dioxide, 100 

eard channel, 47, 63 

card cohinm, 48 

card feed, 48, 01 

card punch, 01, 07 

card reader, 118, 118 

card sorter, 06 

osrd stacker, 48 

card station, 47 

Camegjo Institution of Washington, 
113 

carry impulse, 116 
cell nuoleuB, 3-8 

oauuB, 48, 68 
chaimel, 47, 63, 170 
chamotenstia of a logarithm, 107 
check, counter, 106 
check marks, 161 
checking, 106, llO, 170, 337 
{ chess game, 117 
chestnut bllflhtj 301 
chortle, 13 
claw selector, 60 
clearing, 100 
oodoa, 39, 64, 08, 00 
ooding. 80, 180, 368-8 
coding line, 00 

oohmm (in a punch card), 46 
oonneetive, 148, 168-0 
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aonoaotiTe grouping, ISO 
eollating, 61, 17S 
collator, 47. M. 2S6 
collator counting derioe, 61. 386 
combining infonnatiaii, 16 
combining operaticaa, 178 
Common, 6G-60 
oomparer, 67--8 
oomparing, 60, 67-8 
oomplement, 66; mc olto ninoi com¬ 
plement, onee oomplemont, tans 
oompJemesLt 

Complex Computer, 130-30 
complex nambera, 138-0 
computer, 6, 37 

Computer 1 and Computer 3, 183, 
188 

oonfluitB be tw een atatementi, 140- 
60 

eonsoquent, 188 
constant, 334 
oonetant ratio, 77 
eODstant regutor, 06, 00 
constant switch, 00 
Constant Ttnnsmilter, 110, 118 
ooneiiltiug a table, 108, 133 
convergent, 331 
Converter, 115 
context, 144 
continuous annuities, 88 
^ ni l in urn IS contingent iwurances, 88 

continuously running gear, 08 
conlfol, 0, 38, OO-l 
eontirol bruabet, 61-3 
control frames, 188-0 
Control Instnimont Company, 48 
control over robot maohinps, 10^— 

308 

control tape, 38 
controversy, 197 
coaine, 76, 86, 180, 386 ^ 

oast of Tnoohanical brains, 87, IW. 

128, 143, 166, 168 
counter, 63, 74, 08-4 
counter poeition, 08 
counter wbeel, 03, 118 
counting, 66 


coupling (numbers), IQO 
cube, 106, 334 

Currant (input of oomparer), 67 
cycle, SO, 46 

C^cli^ Unit. 115-0 
Cbrcioto, 18 

Dartmouth College, 181 
deeade, 118 
decimal digit, 11, 14 
decimal poaiUaii, 118 
decipbering, 184, 188 
decoding. 184. IK 
definite integral. 111. 336 
dola)' liuoB. 17. 30. 171-3 
dendrite, 8 
denial, 147 

dopondent variable, 81, 334 
derivalirc, 68-71. 336 
deaign of niechanicaJ braina, 167- 
70, 361 

dcric calenlating machines, 4. 11, 17, 
10 

detail cards, 60 
dial nriich. 03. 06-6 
dial telephone. 17, 10. 138 
I differences. 110, 337 
I differential. 08, 70, 78 
differential analyier. 68. 73-88. 330- 

41 

Diffcmiltnl Analyzer No, 3, 65-88; 
aeeunie>% 86; eort. 87; reliability, 

87; Hpeed., 87 

differrnlial equation, 68-0. 71, 111. 

141.335-6 

differential funetton, 70 
ilifferential gear assembly. 78 

digit, 11, 14 
Digit Pickup. 60 

digit selector, 60 

iligit tray. IW 
digit trunk linei. 110 
digit trunks, 110 

digital machines (machines that 
handlf* infonnatii 

digits or lettcfi 
toriee’ gpneral-P 
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onlator, U8-48; 113-^; I eleetrort a tio ■toraffs tube, 17, 90,179 


Harvard IBM Autamatio 8e- 
quenoo CantrnHad Calculator, 8D- 
119; pimofa-oard oaloulatiiig ma- 
ehineiT, 49^; refereuoea, 989- 
0, 345-50 
dlreotluoa, 94 
diM. 78-fiO 
diMBimlnatloD, 140 
dlaorlmlnator, 140-1 
dtatanoa, 08-0 

diaUncuiahlnc A and S, 184 
dividend, 108, 338 
Dividei^^uare-Booter, 115-7 
dlvkUns. 55-5, 08. 108, 131, 140 
divlaor oounter, 103 
dootpoat, 06-0 
doubHxig, 70-7, 100 
doubling meebanlsm, 70-7 
drafting rulea, 140 
drag ooefflojant, 80 i 
drive, 86 
Dry loo, 100 

eefao, 171 

Bekot-Maudily Computer Corpo¬ 
ration, 170, 800 
eeoiHwniq reWons, IM 
Bdaae, 340 

“adnoatad” mHohhin, 101 
Edvmo, 177, 340 
Egyptian. 13 
either, 140 
eleetiio ahane. 179 
eleetrio remota-oontrol aeocunting, 
300 

eleetrio typewriter, 01, 07, 380 
eleotromagaet. 108 
Electronio Binary Automatio Com¬ 
puter, 170 

electnmio w^lnnlatjng punch, 388 
Bleotrooifl Ooatrol Company, 860 
Eleetronlo Numerieal Integrator 
and Cakiuhtor (Eniao), 118-37, 
340-7; CM alto Eniao 
oleotronle tubaa, 17, 30-1, 178-0; 
Cathode, 31; Grid, 31; Plate, 91 


11 iwaition, 45 
11 puneh, 68 
elae, 148-7 

end-around-oamy, 05, 317, 338 

engine, 00 

Ehiiae, 113-97, 348-7; ooat, 126; 
paneb, 115; reliability, 128; apoed, 
135; unbalanoe, 134 
I “enoQidi alike,” 184 
Equal (output of aequenoer), 01-3 
equation, 08. 236 
equivalent, 14 
eiuae key, 134 
Etruacan, 188 
. esplanaticm, 30&-18 
eapliolt equation, 86 
exponential, 86, 100, 335-8 
extraction, 233 

faUty, 147 
farad, 117 
flngen, 18, 18 

fire-eontrol Inatrument, 17, 10, 07, 
181 

6 impube, 50 
flighta, 70 
flip-flop, 110 
following logically, 146 
form feeding device, 380 
formal logio, 163 
formula, 88, 70, 334 
Prankenateinb monaier, 108 
function, 08, 70, 81, 103, 110, 118, 
334 

function table, 80-1, 116, 118 

gang ptmehing, 60 
gearbox, 77-8 

Qeneral Eleetrio A,0. Network An¬ 
alyser, 943 

General Eleetrio Company, 348 
geographie code, 64 
giant bcain, 1, 6-8 
globe, 86-0 
graph, 81 
greet eirole, 09 
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gr«ater-thuk, 35-7, 87, 323 
greatet^thftn airoalt, 87 
Oreok lotten, 130 
Kuided mMto, 107, 300 

gun, 00 

hail Btonn, 100 
haod perforator, 133, 134 
hand ling information, 10-18 
harmonic analyiora, 341-3 
harmonic Biyntheoiaen, 341-S 
Harmrd Computation Laboratory, 
80, 170-7, 345, 340 
Harvard IBM Automatic Seq[uene^ 
Controlled Calculator (Mark I), 
10, 80-113, 345-6; ooat, 100; effi^ 
deney. 111; reliability, 110; 
apeed, 100 

Harvard Sequence-Controlled Elec¬ 
tronic Calmlator (Mark HI), 177 
Harvard Sequenoe-Ckmtrolled Ro* 
lay Calculator (Mark U), 176-8, 
240 

Harvard Univenlty, 1, 4, 8, 80, 176- 
7, 346, 340 
hatred, 306 
hoppcn, 61 
bub, 46, 08 

humnn bmln, 3-4, 16, 230 
humidity, 63 

IBM (International Bualnes Mar 
chinca), 43-64, 80-00, 177, 383-0, 
340r60 

IBM Automatic Sequonce-Ckin- 
trollod Calculator, 10, 80-113, 

346-0; MC abo Harvard XBM 
Automatic Sequonee-OontroUed 

Calculator 

IBM card-programmed calculator, 
230 

IBM pluggable sequence relay cal¬ 
culator, 330 

IBM punoh-eard maohlneiy, 48-64, 
398-0 

IBM Soloctive-Sequenoe Eleolronio 
Calculator, 177-0, 340 


I ideographic irritlng, 18 

if, 146-7 
if • • • than, 149 
ignorance, 300 
iltnesi, 101-3 
imitative ■oheme^ 13 
in-eode, 00 
in-fleld, 00 

independent variable, 81, 384 
inOnify, ^ 138, 313, 336 
information, 10 
initial ocuditkma, 88, 335 
Initiating Unit, 116-6 
input, 6, 00-1 
input devioas, 176, 361-8 
input rogiateTj 87 

inatontaneoua rate of change, 70-1 
InsUtnte of Advanced Study, 184 
Inetrueticoa, 38, 88, 07, 178-0 
Inauiance eampany, 43 
insurance poGoiaai, 43 
Insurance Toloesi, 88 
integral, 68. 71-3, 336 
integral 85, 330 
integrating, nst, 78 
integrator, 78-80 

meehnnlMti, 78-0 

Ihtemationiil Buslnesi Mschfaws 

Oorporation (IBM), 48; see SM 
InteraationBl Hydrographic Bu¬ 

reau, 343 

Fhonetlo Alphabet 

18 

interpolating, 131, 331 
interposing, 108 
intopreter, 47, 40, 386 
interpreting; 40 
intoval, ^ 70 
intuitive thinking, 8 
inverse, 71 

Judgmanls, 161 

TTmlm-Buikfaart Logical-Truth Gal- 
enlator, 144—66, 348; eod, 106; 

reliabill^, 106; apeed, 166 

key 47-8, 00, 386 


366 
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kcQrboaid. 48 

knotSp 17 

language of logle, 106, 140; 

aea tUao mathamatioal logio 
langiiagee, 10-31, 381 
latoh relay, 40-1 

left-hand oomponeiita, 00, 131, 316 
library, 0, 181 
Libmiy M Oongreai, 16 
Ue dotaotor, 103 
Une of cxxUng, 00 
linear, 334-6 
linear Inteipolatiaii, 331 
linear amiiUtaoeoua ecjuations, 141, 
336 

lobe, 04-6 

logarithm, 07, 88, 106^, 180, 338 
LognilUun-In-Out oounter, 107 
logio, 144; aM atio mathematical 
logio 

logical choice, 4; m alao mathe- 
matioal logic 

logical ooimeeUTe, 148, 333 
logical operatkmB, 66-63, 178 
logloal pattern, 146-0 
logioal truth, 144-66, 166 
Logioal-Truth Calculator, 144r-66; 
•ee Ealin-BnrUiart Logical-Tnith 
Chilcnlatar 
loopholcB, 140 

Lmr Primary (output of saquencer), 
61-3 

Low Secondary (output of ce- 
queneer), 61-3 
Lower Brudiee, 63 
koodrome, 60-70 

machine call munber, 00 
machine qyole, 66 
maoliine language, 30, 00, 176, 101 
maohincfl ai a Tan p iiw ip ^ for think¬ 
ing, 10-30; references, 381-3 
maohinca involring voice and 
speech, 188-6, 264 
magnetic surfaces, 17, 30,168-70,170 
msgaetie tape, 160-70, 170 


magnetic wire, 168 
magnetised spot, 168-70 
main conneotive, 160 
many-wire cable, 60 
Mark I (Harvo^ IBM Automatio 
Seq[uenoa-Con.trollad Calculator), 
10, 80-113, 346-0; Me also Har¬ 
vard IBM Automatic Sequence 
Control lad Calculator 
Mark II (HarvaM Sequeneo-Oon- 
trolled Belay Calculator), 176-8, 
840 

Mark IH (Harvard Sequeneo-Con- 
trolled Bleotronic Calculator), 

177 

Massachusetts Institute of Teob- 
nology, 1, SO. 06, 73-88, 168 
Maasachusstts Institute of Tech¬ 
nology^ Differential Analyser 
No. 3, 06-88; accuracy, 88; cost, 
87; reliability, 87; speed, 87 

master card, 60 

Master Programmer, 116-6 

matching, 173 

mathematical biophysiaa, 330 
mathematical logio, 30, 38, 60-63, 
106, 140, 161-3, 164, 331-8, 348 
matrices, 173, 337 
matrix, 173, 337 
meanings, 300, 331 

measurements, 06-0, 08 
mechanical brain, 1, 6-8, 30; crucial 
devices for, 30 

mechanical brains under eanstruo- 
tlon, 176-0 
memoiy, 37, 00-1 
mentality, 34, 37 
merouiy tank, 171, 170 
merging, 173 
metal fingers, 186 
mica, 173 
microphona, 186 
mimeograph stencil, 16 
Minoan, 188 
mtscellaneoua field, 00 
mistake, 184 
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Moore School of Eleotrioal I out-fleld, 90 

7. 113-27, 177, 340 oatput, 0. 00-1, 351-0 

multipUoaiicl, 223 output deviooa, 170, 361-0 

mulUpllaaud counter, 101 output ngiater, 37 

multlplioaticm aohomce, 314^-0 

multipliOT, 116*0 paper cfaunol, 63 

multiplier oountor, 101 partial differential eqiiatlonB, 87 

multlply-divkle unit, lOS partial produota, 115. 314 

multiplyiiig; 65-0, IQl, 131, 140 Pearl Amiianee Company, 88 

multiplyiiig punch, 47, 03. 386 pobblee, 17*4 

pon a motor, ISO, 105 

National Adviaory Committee for Donnaoent table framee. 188-0 


Aoranaiitin, 128, 132 
Naval Proving Qnnmd, 177 
negation, 34:5, 37, 84-0 
negation olrouit, 30 
negative, 147 
negative digit, 316 
neon bulb, 110 
nerve, 3-4 
nerve cell, 3, 8, 10 
noTTo fiber, 3, 8 
nerve networka, 380 
norvoue e^atom, 188 
nolwork anolykerB, 343-4 
noiutwijs, 101 
nmc-puleoa, 130-1 
nines eomploment, 06, 131, 338 
No X, 60 

Northrop Aircraft, Ino., 170 
not, 14G-8 

numorio oodlng, 18, 54 
numoiical X position, 46 
uummloaL Y poeition, 45 

oooupation oode, 54 
octal notation, 170, 310 
ohm, 117 
OJibwa, 13 
onoe oonciplement, 317 
only, 140-7 
Dpomtion oode, 108 
operations with numben, 34*7 
or, l4fi-0 

organisation of digitnl maohlnea, 
SSI 

out-oode, 00 


personal Ineomo tax, 141 
phonetio writing; 18 
phonograph, 15-8 
pbonogtnphle writing, IS 
phototube, 81-2, 188—4 
phyaioal equipment for h a ndl in g 
information, 11, 15-31, 01 
phyaioal problems; 06-79 
phyaioal quantities, 07-0 
pietographie writing, 19 
phigjboard, 48, 08 
plug*in unlta, 117-8 
point of vlov, 307 
poolHponh theory, 13 
potiticn (in a punch card), 45 

positlaa frames, 188-0 
pomr, 48, 05, 188, 310, 234 
prejudioa, 305 

Previous (input of oompajcr), 57 

Primary (input of Mqueneor), OL-8 

Primary Brasbes, 51, 82 

Primary Feed, 01, 61 

Primary Bequenoe Bmahee, 51 

printer, 187 

printer fnmeOi 188 

problem fiames; 188 

problem poeUion, 183, IBS 

problem tape, 184 

prooenor, 183, 184, ITS 

IHoduet, 70.109, 228 

prodnet otnmter, 103 

produetlon aohodulliigi 108 

pngnm, 123, 178, 363-8 

program oontrol switch, 138 

program putaa, 132 
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procrenHptUaa Input termtiuil, 19S 
program regiitfir, S8 
program tape, S8-0 
program traTB, 110 
progimm trunk lines, 110 
programming method of von Neu> 
Duum, 124 
pronoun, 238 
pg/ohologlcal testing, 100 
psyohologioal trainer, 101-3 
pubee, 130, 171 
punch card, 17. 44r4, 06. 07 
pnnoh-oard eotumn, 46 
punch-card machinery, 17, 30, 43- 
04, 333-0; cost, 88; raliabiUty, 03- 
4; speed, 02^ 

punch feed, 61-3 

punched paper tape, 17, 23, 83, 06 
punching channel, 60 
punching dies, 48, 61-3 
pyramid circuit, 80 

quantity of informaticm, 11, 14-16 
quarts, 171 
quotimkt, 06, 108 

RX3£^ 100 

radar, 188 

railroad line, 0, 110 

rapid approximation, 100-8, 330-1 

rate of change, 08, 70-1 

ratio, 77,83 

Raytheon Computer, 280 
reading, 67 
reading brushes, 61-3 
reading ehaimel, 60 
reading of punch cards, 44 
reasoning, 144 
nbuB-writing, 18 
leeiprooal, 86, 334 
recognixing, 8, 183-6 
recorder, 183, 187 
rectifier, 83 

referent, 13 
registtf, 37 
reject, 40 


ralay, 17, 30-1, 38, 03, 180, 188, 178; 
Common, 31; Qround, 31; Noi^ 
mally Clfised, 31; Nonnelly Open, 
31; Pickup, 31 
roleene key, 48 
roliability, 03^, 110, ISO, 138, 

106, 108, 174 
Remington-Rand, 43 
roporforslor, 187 
rephrasing, 103-4 
reproduoer, 47, 40-00. 386 
reproducing, 40 
reset code, 100 
resetting, 100 
resistanoe, 80, 117 
rasisUmce eoefllcient, 80 
resutor, 117 

right-hand oompononts, 60, 131, 316 
robot maohino, 107, 108-308, 366 
robot ralesman, 301 
Tobota (Csech), 100 
Roman numerals, 313; anoimit s^le, 
310 

room, 70 

Roraumb nnivoraal Robots, 100 
rounding oft, 66-6 
routino, 8, 107, ITS 
routine frames, 138-0 
routine tape, 38, 134 
rules, 101, 334 

■ 

satisfy, 336 
scale factor, 74, 80 
schemes for ezprossing meaning 
11-16 

aoroen, 173 
screw, 78 

Scoondaiy (input of sequonoor), 
61-3 

Secondaiy Brushes, 61, 03 
Secondary Peed, 01 
Seleot-Reoeiving-Rogister circuit, 30 
selecting, 30, 68, 104 
selection, 38-7, 38, 333 
selection drouit, 88 
selection counter, 104 
selector, 68-60 
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■ftfurinj disitB, 108 

BQpantUon ngn, 130 
■Bquenco-oonlrol tapo, 06 

■BQUoni!fr«mlrot-tAp6 oodOf 06 
Boqiionoo-oasitrolledi 80 
B0queno8-tap6 loedt 08 
BequmooTt 01 

eequoncingj 01 
Bhifting, 317 

Bhort-Kiut mullipllcalion, 315-0 
Simon. 33^0 
•imullanoouB, 325 
■iinultanoniu cqiiNLionii, 86, 336 
dne, 76, 86, 100, 180, 330 
Bink (of K olrouil), 164 
Blab, 18 

BliUo rule, 06, 07 
smoolhooes, 110, 337 

Bocial control, lypee, 308 
Borter, 47-0 
aorling, 67, ITS 

BOUXullraolcB, 10, IS 

Bouroo (of a circuit), 164 

epnce koy, 48 

Bpeodometnr, 08 

Bpelliug mica, 186 

spoken Engliah, 11 

squaro, 234 

Bquaro matrix, 327 

aquaro root, 110-7, 178, 220, 234 

Start Koy, OS 
BtatomcmlR, 30, 144-61 

Btntic olnctricity, 03 

Btorago, 6 
Btomgo counter, 03 
Blomno (InvicoB, 363 
storago rcgialar, 28, 03 
storing information, 16 
storing rogtKirr fmnina, 138 
storing rogiaten, 130 
string, 06-0 
BtyhiB, 10 
Bubroulino, 100 

Subsidiary Soqiionco McohaniBm, 
00, 106 

Bubtraefc output, 130 
Bublmcting, 66, 100, 110, 130, 338 


Bubtnctmg by adding, 338 
Bummoiy punch, 60, 110, 110 
eummaiy-punahing, 60 
switch open and current flowing, 
164 

switchboard, 70 
Bwitchos in pamllel. 164 
switchefl in Berioe, 164 
Bwitching circuits, 166 
gyllabio-writing, 18 
ayllablaB, 311 
syllogiBm, 146, 163 
Bymbolio logic, 831-8, 348; see ofso 
malhoinatical loglo 
gymbolio writing, 13 
synapse, 3 

System of Eloetrio Bamoto-Coeitsol 
Accounting, 360 

Biyetoms for hAwdling information, 
10 

table tape, 134 

tablee (of values), 106, 180, 334 
tabular value, 180, 334 
tabulator, 47. 53, 110, 336 
tallka, 17 

tangent, 106, 230 
tank (armored), 180, 105 
tank (mereuiy tank), 171, 170 
lapo-oontroUed oorriago, 286 
tape food, 01. 178-0 
tape punch, 01, 07—8, 187 
tape reoia, 170 
tape Imnamitler, 136, 187 
iolcgraph line, 6, 110 
lolcphono central sta t ion, 188 

toloiype, 17 

lolelype transmitter, 188, 136 
tela typewriter, 18(), 187 
Isn-poaitioii relay, 01-8 
toD-positlcai switch, 01-4 

len-pulBBS, 130-1 

tuna oompleniont, 334 
scoring machine, 880 

then, 140-7 

thermostat, 187 

thinking, 1-8, 10, 07 
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timed eleotrioal ourroiitii 44 
timing oontoet, 04 
tolenuoQi, 07f 106 
tordoe, 78| 80 
torque unpUilsri 78 
tts^eotoriee, 00, 114, 141 
trajisfer obeult, 88 
tnnaferring. 81, 84, 100,110, 107 
tmnnlettng, 07 
tmumitter, 74 
triggering oontzol, 188,188-7 
trigonometrie tiblei, 3S0 
bigonometrifl tangent, 106,380 

truth, 144 

tmth tdble, 147, 160, 833 
truth vilue, 80, 68, 100, 147, 833 

friptng, 188 

taming foroe, 78 

18 poritioo, 46 

two^Mritlon reliy, 81,01-8; aae olio 
relay 

two^pQiitian awitoh, 01-8 
typewriter, 10,18 
typewriter oerriage, 68 

unattendad operation, 174 
understanding, 813-8, 881 
unemplqytnent, 301-8 
Unequal (output of oomparer), 67 
unit of information, 11,14^6, Itt 
United Natiau, 808, 806 
United States Army Ordnanoe De- 
paiimeot, 118-4 


I Untrao, 860 

University of Femuylvanin, 7, 118 
unknowna, 141 
Upper Bruebai, 62 

value tape oode, 96 
value tape feed, 06-0 
variablee, 84, 238 
tief (Latin), 149 
rerifler, 47-8, 836 
vibration, OQ 
Vocoder, 366 
Voder, 854 
voltage, 74 

Watson Boisntlflo Ccunpubiug Lat^ 
oratory, 386 

weather oontrol, 180, 366 
weather foreeaitiii^ 186, 356 
wheel (of a counter), 78 
white elephant, 78, 114 
winch, 78 

words for asplalning, 300-13 

X,60 

X distributor, 60 
X Pickup, 60 
X punch, 46, 66 
X selector, 60 

lero, ISa, 319 
ih (sound), IS, 166 
Zuie Computer, 360 



